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SUMMARY
The relationships between the tensile properties of 
cortical bone and the microstructural variations at the level of 
the osteon are investigated. With controlled testing conditions 
the tensile strength, elastic modulus.and % elongation are 
evaluated for longitudinally orientated test specimens machined 
from the mid-diap.hyses of bovine and human femoral shafts. The 
pre-testing storage conditions are shown to have no significant 
effect on the subsequent mechanical properties. A comprehensive 
structural analysis is made of the total cross-section at the 
actual site of fracture and at random transverse sections along 
the gauge length. This is achieved by microradiographic and 
photometric techniques. Coefficients of correlation and 
associated regression curves are computed for all combinations of 
mechanical properties and structural components.
Where applicable, the results of the preliminary work 
involving bovine bone are in close agreement with the published 
literature. In particular, the generally accepted positive 
correlation between the primary bone area and the tensile strength 
is supported. The subsequent work on human bone modifies this 
concept by showing it to be only valid when the area occupied by 
the cavities in the structure is decreasing.
Certain structural/mechanical correlations indicate the 
capacity of both cavities and cementing lines to act as sources 
of weakness - the cavities being particularly effective in this 
role at the clinically significant high rates of strain.
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In addition, crack arrest mechanisms are observed to be operative 
in the area of partial osteons and this is thought to be 
attributable to their abundance of cementing lines. The probable 
mechanics of crack initiation and arrest in these components, 
together with the manner in which their sensitivities are modified 
by stress relaxation and plastic flow are discussed.
The factors influencing the elastic deformation of cortical 
bone are the least understood. It is suggested that little 
progress will result in this respect until the effects of regional 
variations in the microconstituents on the localized elastic 
moduli and time-dependent characteristics are examined.
The design and development.of an apparatus for the measure­
ment of the gross porosity is described and a technique for the 
measurement of the absolute mineral density and distribution is 
discussed.
I
During the course of the work several topics requiring 
further examination become apparent. These, together with related
X.
subjects, whose study would extensively broaden the scope of the 
present investigation, are considered in the final chapter.
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CHAPTER 1 
THE MECHANICAL PROPERTIES OF BONE
1.1. Introduction.
The study of the mechanical properties of bone finds 
increasing relevance with present day trends and developments in 
several diverse fields. Man-machine relationships provide two 
examples. The first concerns road vehicles and passenger 
restraint systems designed to minimize injuries sustained by the 
occupants during vehicle impact. The efficient design of such 
systems requires a knowledge of the maximum decelerations that 
may be safely tolerated by the human body. This in turn demands 
an understanding of, amongst others, the structural properties 
of skeletal tissue. A similar problem arises in the high 
accelerations and decelerations imposed on the human frame by the 
escape mechanisms incorporated in high-speed aircraft.
To a large extent the requirements of the previous examples 
are satisfied by a knowledge^f typical magnitudes of the 
mechanical properties of bone tissue. This is not the- case with 
respect to the consequences of space travel where a confirmed 
effect of prolonged periods of weightlessness is a depression in 
the bone calcium level. The manner in which this change modifies 
the tissue's mechanical properties must be known if the loads 
imposed on the affected bones are to be limited to a safe value.
In the field of. orthopaedic implants the inevitable introduction 
of fibre reinforced composites introduces the distinct possibility
— 1 0 —
of building into the implants specific mechanical properties.
In this respect a fundamental understanding of the nature of bone 
as a structural material and the inherent factors that affect its 
mechanical properties is clearly necessary.-
It is evident from the literature, reviewed in the following 
section, that although a large quantity of data has been generated 
regarding various aspects of its physical properties, relatively 
little is known about its basic nature as a structural material.
1.2. Histological survey.
The mechanical properties of bone have been studied for 
over a century; the investigations of Wertheim (1847) and Rauber - 
(1875) being amongst the earliest. Sixty years of apparent 
inactivity followed during which time the subject was virtually 
absent from the literature. Since then, and particularly within 
the last twenty years, investigations have been reported on many 
aspects of the mechanical behaviour of the tissue involving both 
whole bones and pieces of bone.
One of the more fundamental properties of bone, that of its 
anisotropy, was firmly established by Maj and Toajari (1937) and 
Maj (1938). They.observed that the bending strength of strips of 
cortical bone, orientated with their longitudinal axes parallel to 
the long axis of the bone were respectively three times and six 
times greater than for those orientated in the tangential and radial 
directions. Subsequent investigations, unless enquiring into this 
specific facet, e.g. Dempster and Liddicoat (1952), Hirsch and 
Da Silva (1967), have recognised the effects of orientation and 
have elected to study the mechanical properties related to one or
-  11 -
more of the cylindrical axes.
The majority of these investigations have involved the 
tensile, compressive and bending modes of testing although 
particular emphasis has been placed upon the study of its 
properties in tension. The more important results, with respect 
to longitudinally orientated specimens, are listed in Table 1.1., 
from which it is evident that the tensile strength of bone is 
lower than its compressive strength. This suggests the greater 
clinical significance of the former which tends to justify the 
additional attention afforded to it.
The shear properties of bone have received rather less 
attention. Evans' and Lebow (1951) and Evans and Bang (1957) 
attempted to measure its shear strength by using a punch and die 
technique. The validity of the results derived from this type of 
test are rather dubious due to the considerable complexity of the 
stresses so induced. Sweeney et al (1955) approached the problem 
by subjecting a thin walled tube of compact bone to a torsional 
moment. In this manner they showed the shear strength of 
longitudinally orientated test specimens of bovine cortical bone 
to be approximately 50% that of their tensile strength. Similarly, 
they found the torsional modulus to be in the order of 30% that 
of the tensile elastic modulus.
The impact loading of specimens taken from a similar source 
has bean investigated by Bonfield and Li (l965) using a modified 
Charpy impact machine. By varying the testing temperature in the 
range -195^C to 900°C they noted a-maximum energy absorption 
at about 0°C, They also observed a marked reduction in the energy
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absorbed by notched specimens relative to un-notched test pieces, 
thus indicating the notch sensitivity of cortical bone. Huelke 
et al (1967) examined fractures produced in intact femurs by high 
velocity impacts. They showed a positive correlation between 
the energy absorbed by the bone and the velocity of the projectile.
In addition to its anisotropy bone also exhibits time 
dependent properties. These have been 'comprehensively studied by 
Sedlin (1965) who proposed a mathematical model to represent the 
behaviour of cortical bone. The model consists of a Hookean 
element linked in series to a unit consisting of a Newtonian body 
in parallel with a modified Prandtl body. According to Sedlin it 
accounts for such phenomena as retardation times, relaxation 
times and plastic flow. He also suggested that it provides a 
partial explanation for differences in physical properties observed 
for different conditions of testing.
Theoretically, the proposal of such a model introduces the 
possibility of predicting the mechanical response of cortical 
bone to given loading conditions and hence constitutes a powerful 
research tool. Practically, the failure of such models to 
adequately display all phenomena regarding the mechanical behaviour 
of the tissue imposes a severe limitation on their use. The 
noticeable absence of subsequent investigations based on data' 
extracted from rheological models is probably a reflection of 
this inadequacy.
It is evident from Table 1.1. that different investigators 
measuring similar mechanical properties have obtained widely 
differing results. To some extent these differences can be
— 14 —
accounted for by parameters, either biological or mechanical in 
nature, that have been examined with respect to their effects on 
the physical properties of the tissue. They may be summarized 
as follows:-
(a)
(b)
(c)
(d)
Biological '
Age
Sex
Previous diet 
Health
Mechanical
(a) Orientation in the bone
(b) Location in the bone
(c) Moisture content i.e. wet or dry
(d) Pre-testing storage conditions
(e) Mode of testing
(f) Temperature of testing
(g) Rate, of strain
Of the biological factors there appears to be some 
disagreement concerning the effects of age. Lindahl and Lindgren 
(1967) detected a reduction in both tensile strength and 
deformation at failure with advancing age but observed no signif­
icant changes in either the limit of proportionality or the 
elastic modulus. Melick and Miller (1966) reported a significant 
reduction in the tensile strength of longitudinally orientated 
specimens extracted from the tibia of cadavers over the age of 
sixty relative to those under that age. Conversely, Sedlin and 
Hirsch (1966) found no consistent pattern in the tensile or 
bending properties of femoral test specimens with respect to age.
A similar situation was encountered by Evans and Lebow (1951) who 
■noted no correlation between the tensile strength and age. If 
the mechanical properties are a function of the age of the 
subject from which the test specimens originated then, as
- 15 -
concluded by Melick and Miller, a change in internal architecture 
may well be responsible.
Although the sex is included in the above list of variables 
it is fairly evident that it has little effect on the physical 
properties of bone. Neither Lindahl and Lingren (1967) nor 
Melick and Miller (1966) observed significant differences between 
the mechanical properties with respect to the sex of the subject. 
Mather (l968),who examined the breaking strength of intact femurs 
and reported a lower mean breaking load for female subjects than 
for male (though not significantly so), concluded that the effect 
was attributable to the smaller size of the former.
The effects of previous diet and health are much less well 
defined although Bell et al (1941) demonstrated a reduction in 
the bending strength of rat femurs following their subjection to 
a low calcium diet. There is clearly a need for a systematic 
series of investigations into the manner in which these parameters 
modify the mechanical characteristics of bone. Of necessity such 
studies must be of a long term nature and require relatively 
extensive facilities - especially with respect to the effects of 
diet.
With regard to the mechanical parameters; the effects of 
the mode of testing e.g. tension,compression etc. are apparent 
from Table 1.1. whilst those of orientation have already been 
outlined.
Regional variations in the mechanical properties of the 
human femur were investigated by Evans and Lebow (1951). They 
detected differences in the tensile strength, elastic modulus and
■ f
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% elongation with respect to both the quadrant of origin and the 
location of the test specimen in the length of the shaft. In 
particular, the tensile strengths of samples'extracted from the 
lateral quadrant of the mid-shaft were significantly the greatest. 
Sedlin and Hirsch (1966) reported the same result but concerning 
the bending strength of similarly located specimens. More 
recently Amtmann (i960) demonstrated, and mapped, the variation 
in compressive strength with location in the femoral shaft.
Like the effects of age it is possible that the regional 
variations in the physical properties of bone may, to some extent, 
be a function of the internal architecture or microstructure.
The differences between the mechanical properties of wet 
(fresh) bone and dry bone are well established, see for example 
Evans and Lebow (1951), Dempster and Liddicoat (1952) and Dempster 
and Coleman (i960). These investigators have shown that the main 
effects of drying are general increases in the tensile and 
compressive strengths and moduli together with a decrease in the 
energy absorbed to failure. The physical properties of dry bone 
tend to be of academic interest only, since it is clear they bear 
little relationship to the properties of bone in vivo.
The reported effects of the pre-testing storage conditions 
are examined in Chapter 3 whilst those relating to the temperature 
of testing are included in Chapter 4. This leaves the effects of 
the rate of strain to be considered. Variation of this parameter 
was shown by Piekarski (i960) to have a marked influence on both 
the tensile and compressive strengths and moduli. Positive_ 
correlations were reported in all cases. (Similar results with
-  17 -
respect to the tensile properties were observed in the present 
investigation.)
For a given specimen orientation and state (i.e. wet or
dry), both of which are invariably reported, the effect of the
rate of strain on the mechanical properties is probably more 
profound than any other single variable. In spite of this the 
majority of investigators have failed to include it in details 
of their experimental procedure. Whether this indicates that 
its importance was not recognised and its magnitude not 
controlled or, whether it was controlled, but has simply not 
been reported, is unknown. In either event its omission 
seriously detracts from the value of the results.
Even if the pre-test and testing conditions are, as far
as is possible, standardized, a large scatter in the results is 
still observed; see for example Tables 4.1. to 4.4. of Chapter 4 
in the present work. Such scatter is too large to be explained 
by experimental variation alone and it is not unreasonable to 
suggest that variations within the material itself might be 
responsible. The innocence of this suggestion poses a fundamental 
question; on what factors, intrinsic to the structure of bone, 
do the mechanical properties of the tissue depend?
There have been relatively few investigations seriously 
concerned with these factors but those that have can be divided 
into two categories:-
(a) studies on the microscopic level - examination of
the effects of collagen orientation and consideration 
of the manner in which collagen and apatite, the
—  18 —
major constituents of bone, combine to produce 
the mechanical properties exhibited by the bulk 
tissue.
(b) studies on the macroscopic level - examination of 
the relationships between the mechanical behaviour 
and the histological microstructure.
On the microscopic level Ascenzi and Bonucci (1964) and 
(1967) examined the tensile properties of what they claimed were 
single osteons dissected from the bulk tissue. They detected that 
osteons having a predominantly longitudinal arrangement of 
collagen fibres in successive lamellae (see Chapter 2) were 
stronger than those with fibres running at oblique angles.
The effects of collagen fibre orientation on the mechanical 
properties of the bulk tissue have been subsequently 
investigated by Evans and Vincentelli (1969). Contrary to 
expectations, they observed no significant correlations between 
the tensile strength, the elastic modulus and the area of 
osteons containing a predominance of collagen fibres orientated 
with their axes parallel to the applied stress.
The collagen/apatite composite nature of bone has been 
studied in some depth by Currey (1962) and (1964). By drawing 
analogies with engineering materials and observing that the 
mechanical characteristics of the composite were superior to 
those of its constituent phases, i.e. apatite and collagen; he 
suggested bone to be a two-phase material. Mack (1964), and more 
recently Piekarski (1968) have also studied the two-phase nature 
of bone.
—  19 —
The effects of, histological variation on the mechanical 
properties of bone are less well defined. It appears that only 
two investigations, those of Currey (1959) and Evans and Bang 
(1957), have been specifically concerned with this topic although 
several intuitive suggestions have been made in the literature 
regarding the possible effects of the microstructure on the 
physical properties.
1,3. The present investigation.
As mentioned in section 1.1., present and future developments, 
particularly in the field of orthopaedic implants, demand a 
knowledge of the fundamental characteristics of, and intrinsic 
factors that determine, the mechanical properties of bone. The 
lack of this knowledge, particularly with respect to the effects 
of microstructure, has led to the present investigation.
The object of the proposed study is to examine the internal 
factors influencing the mechanical properties of cortical bone by 
relating the microstructural variations within the material to the 
measured physical properties for controlled testing conditions.
In order to investigate the relationships as fully as possible 
the immediate study has.been restricted to the tensile properties 
of longitudinally orientated specimens of cortical bone. The 
tensile properties were selected because of their probable clinical 
significance.
- 20 -
CHAPTER 2 
GENERAL ANATOMY AND HISTOLOGY OF BONE.
2.1. The hard tissues of. the body.
Of the four basic tissues that comprise the living 
mammalian body, namely, epithelial, muscular, nervous and 
connective, tissue, the latter holds special interest because 
of the particular property that its non-living component imparts 
to it. This component is termed ’intercellular substance*.
Within the family of connective tissues; bone, calcified 
cartilage, dentine, enamel, ligaments and tendon form a distinct 
sub-group characterised by their hardness and their ability to 
withstand appreciable levels of stress whilst suffering only 
small deformations.
The constituents of the intercellular substance (see section
2.2.) are the same for all the hard connective tissues but 
differences in tf-ie relative concentrations of the constituents 
and their relationships with the cells produce the various 
mechanical characteristics of the individual tissues.
2.2. The intercellular substance of the hard connective tissues, 
(with particular reference to bone)
The intercellular substance consists of four major phases:-
(a) The organic matrix
(b) , The inorganic component
(c) The ground substance
(d) Water
- 21
The results of a comprehensive chemical analysis of bovine 
compact bone, Eastoe (1953),are shown in Table 2.1.
2.2.1. The organic matrix.
If the inorganic component is removed from the hard 
tissues by some suitable chemical process, an extremely delicate, 
fibrous, three dimensional network of the protein collagen 
remains; the spaces between the fibres having been occupied by 
the inorganic and cementing• substances.•
Eastoe (1953) isolated a small guantity of, a protein 
material (see Table 2.1.) which proved much less water soluble 
than collagen. This is termed ‘resistant protein* and neither 
its structure nor function are completely understood.
2.2.1.1. Collagen.
Closer examination of the fibres that form the organic 
matrix reveals that they themselves are composed of even smaller 
fibres, the basic unit of which is the microfibril.
The microfibril is constructed from an arrangement of 
polypeptide molecules. This molecule has a left handed helix 
and, superimposed on it, a right handed superhelix. Rich & Crick 
(l955). The twisting of three of these super helices into one 
forms a unit called procollagen. Gross (1961 ). The aggregation in 
a longitudinal and lateral sense of many of these procollagen 
units produces the microfibril which varies in diameter from 200- 
2000^. The banding of 640-700%, characteristic of collagen 
microfibrils, is a result of the arrangement of the procollagen 
units, (a full explanation of this phenomenon is not considered
- 22 -
Constituent % by weight
Inorganic matter, insoluble in hot water 
(probably including up to ^% citrate) 69.56
Inorganic matter, soluble in hot water 1.25
Collagen 18.64
Mucopolysaccharide - protein complex 0.24
Resistant protein material 1.02
- Fat 0.00
Sugars, other than mucopolysaccharides 0.00
o
Water lost below 105 C. 8.18 .
Total 98.99
Table 2.1 Composition of air-dried compact bone tissue 
from ox femur diaphysis. (Dried at 105°C for 
24 hours)
After Eastoe and Eastoe (l953)
- 23
relevant here but may be obtained from Ham (l965) Chapter 10)«
The fibril, which varies from 2-1QjJ in diameter, is an 
amalgamation of the microfibrils. The fibres that constitute 
the matrix are bundles of fibrils and vary from 20-200|J in 
diameter.
An analogy with rope would seem reasonable here where the 
individual fibres, short and individually weak, are woven to 
produce a longer and very much stronger material than the original 
unit fibre.
2.2.2. The inorganic component.
It has been established for many years that the inorganic 
phase of the intercellular substance is an apatite and it is now 
generally accepted, largely due to the work of Dallemagne (1952), 
that the mineral is in the form of hydroxyapatite Ca^Q (PO^)^ (0 H )2 
In the case of bone the mineral salts occur in the form of 
tiny crystallites. There is some disagreement as to the exact 
shape of these crystallites. Robinson (l952) suggested a square 
form of some few hundred Angstrom in length and with thickness 
20-50%. Recent work, Kay (1954) and Aszenzi (1965), suggested 
needle shaped rods of diameters ranging up to 40-45% and extend­
ing over two or many collagen periods.
The extremely high surface area to volume ratio of bone 
mineral (it has been estimated, McLean & Urist (1955), that the 
total surface area of hydroxyapatite in the adult human skeleton 
is about 100 acres) indicates how effectively the skeleton can 
perform its role as a reservoir of calcium to maintain the blood 
calcium level to some optimum value. The whole surface area of
- 24 -
the hydroxyapatite is connected via the extracellular fluids and 
the canalicular network (see section 2,2,?,) to the blood stream, 
which means that large quantities of calcium can be rapidly 
dissolved into the blood should the need arise.
There is some evidence to suggest that the apatite occurs 
in bone in both a crystalline and an amorphous state, Eanes (1966), 
but the significance of this is not kpown,
2.2.3. The ground substance.
The ground substance of connective tissue is often called
the cementing substance, presumably since the name describes what
is generally considered to be its function, namely, to pack the
. .
spaces between the organic and inorganic phases and to cement the 
collagen fibrils and bundles together. There is however not a 
great deal of experimental evidence to support this concept, Day 
(1953), Eastoe (1956) pointed out that there appears to be too 
little ground substance in the bone to fill all the spaces between, 
the fibrils, as occurs in cartilage, but there is sufficient to 
provide hydrogen bonds between adjacent fibrils.
The chemical constituents of the ground substance are a 
mucoid material, protein and water. One acid-polysaccharide, 
chondroitin sulphate, has been extracted from the mucoid material 
of bone, Rogers (1949 and 1951), and there may be others. Little 
is known about the chemical nature of the protein constituent, 
although physically, it forms an extremely delicate, fibrous 
structure set in the mucopolysaccharide.
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2.2.4. Water.
The great majority of the water in bone exists in a free 
state and forms the medium for the diffusion of inorganic ions, 
sugars, and other small organic molecules necessary for cell 
nutrition. It also allows for the escape of waste products and, 
as mentioned before, provides the physiological transport, pathway 
for calcium between the bone mineral and the blood plasma.
The remainder of the extracellular tissue water is 
chemically bound to the proteins and polysaccharides of the 
ground substance.
2.2.5. Cells. .
A cell is a minute body of protoplasm surrounded by a 
limiting membrane and containing, or having once contained, a 
nucleus. The reason for the qualifying 'having once contained' 
is that red blond cells lose their nuclei as they assume their 
final form; nevertheless, they are still called cells.
Basically the nucleus is associated with the specific functions 
of the cell, with growth and reproduction, whilst the protoplasm 
with absorption, secretion and excretion. ^
Cells are the basic building units of all living matter, 
from the simple uni-celled Amoeba, to the extremely complex multi­
celled structure of the brain.
In most tissues the cells are tightly packed with adjacent 
membranes touching one another. This densely packed structure, 
with the addition of extracellular fluid to provide the necessary 
nutrient pathways, constitutes the tissue at the macroscopic 
level.
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However, the cells of bone tissue are enclosed within 
small compartments with walls made of the non-living calcified
matrix. This causes the cells to be widely separated from one
another and, in contrast to highly dense (on a cellular level)
tissues, bone can be described as a non-living material.containing
cells which are sparsely distributed and whose function is to
maintain the condition of intercellular material.
The latter statement, although rather nebulous, is about
as much as can be said at the present time, as the exact function
of the bone cell is still a matter of some conjecture, Vaughan
(1970), Chapter 2.
2.2.6. The relationship between the phases in the intercellular 
substance.
As has already been described in section 2.2.1.1 the 
collagen fibrils aggregate into.bundles up to 200^ in diameter. 
Interspersed between the bundles and the individual fibrils is 
the ground, or cementing substance. In section 2.2,3. it was 
stated, Eastoe (1956), that there is too little ground substance 
to completely encase the fibrils but enough to produce some 
chemical bonding between them. The composite so produced (the 
addition of more ground substance gives rise to tendon) is 
relatively elastic, but will only support tensile loads, (again 
consider rope as an analogy).
In b^one the surfacesof the fibres are encrusted with the 
tiny crystallites of the inorganic phase and, in places, densely 
packed bundles deeply penetrate the fibrils themselves. The
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general orientation of the axes of the crystallites is parallel 
to that of the adjacent fibrils but their specific orientation 
and distribution depends largely upon the type of bone under 
consideration and will be dealt with more completely in section
2.3 .
2.2.7. The minute structure of bone tissue.
The bone cells (osteocytes) occupy cavities within the 
intercellular substance (lacunae); which are discus shaped and 
approximately 5^ in diameter and 1p  wide. They are orientated . 
with their diameters coplanar with the sheets of collagen bundles 
(lamellae) within which they lie, see Fig. 2.1,
Radiating into the intercellular substance from the lacunae 
are many roughly cylindrical channels (canaliculi) ranging in 
diameter from 0.5-1^ . These canaliculi lead an extremely 
tortuous path anastomosing with canaliculi originating from other 
lacunae. Canaliculi stemming from lacunae lying close to the 
main nerve and blood supply channels (Haversian and Volkrnann 
canals, - see section 2.3.2.2)connect with the latter and thus 
produce.a comprehensive nutrient pathway serving the requirements 
of the osteocytes, see Fig.2.2.
In living bone the osteocytes have cytoplasmic processes 
which extend for some considerable distance along the canaliculi. 
At death however, these processes contract and general cell 
shrinkage causes the osteocyte not to fill its lacuna.,
Vose (1953) presented evidence that extends the canalicular 
mechanism even further into the intercellular substance with 
extremely small perforations of 200-1SOoH in diameter.
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Fig.2.1. Stereoscan micrograph showing the orientation 
of' the osteocyte lacunae relative to the lamellae. The 
canaliculi, which radiate from the lacuna wall into 
the bone matrix, are clearly visible. x 5750
Fig.2.2. Anastomosing system of canaliculi, radiating 
from osteocyte lacunae and permeating the extracellular 
tissue.
Phase contrast. x 2000
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2.3. The types of bone tissue.
All bone tissue consists of a composition of collagen 
bundles, apatite crystallites and ground substance permeated by 
a system of lacunae and canaliculi containing osteocytes, their 
processes and the extracellular fluids.
The distinguishing features between the various kinds of 
bony tissues are the relative concentrations of these components 
together with differences in their arrangement in the subsequeht 
composite. ,
Essentially there are two types of bone - immature and 
mature, within which there are more specific sub-groups.
2.3.1. Immature bone.
This is the first type of bone to develop in the mammalian 
embryonic skeleton and also the first to appear during the repair 
of fracture of mature bone. It is characterised by a higher 
proportion of collagen and less mineral than mature bone with 
coarse fibre bundles woven in a random fashion and set in a cement- 
rich background. It is for this reason that immature bone is 
occasionally referred to as woven bone.
2.3.2. Mature bone.
Well before birth the woven bone of the embryo is gradually 
replaced by mature bone - a process that continues well into 
adult life. The formation and growth of this type of bone tissue 
is characterised by the orderly and deliberate way in which sheets 
of the new tissue are laid down on top of one another giving the 
material a distinctly laminated appearance. The lamellae are in
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fact continuous with one another; the laminated appearance 
being an optical artifact caused by the difference in the 
orientation of the collagen fibres in adjacent lamellae.
The change from the immature bone of the embryo to the 
mature bone of the adult skeleton takes place in two stages.- 
The immature bone or woven bone is firstly replaced by primary 
mature bone which in turn is replaced by secondary or Haversian 
bone. The mechanics of the change are considered in greater 
detail in section 2.5.
2.3.2.1. Primary bone.
The lamellae of primary bone occur in the form of shells 
whose radii of curvature are relatively large, see Fig.2.3. In 
the case of the shafts of the long bones these shells are usually
concentric with the longitudinal axis of the bone and, in many
cases, form unbroken annuli around the cavity that runs down the 
centre of the shaft (medullary cavity). In other cases the 
lamellae are so short and broken by vascular channels that they
hardly resemble sheets at all.
Occasionally a primary osteon is visible. (The osteon is 
usually associated with secondary bone and as such is discussed 
in section 2.3.2.2.). However, the primary osteon has certain 
distinguishing features when compared with the secondary osteon 
and for completeness these features are laid out below.
(a) It has the same level of mineral density as the 
surrounding bone.
(b) It has no cementing line, i.e. there is no distinct 
interface between it and the surrounding bone.
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(c) The lamellae of the primary bone tend to have
an uninterrupted 'flou' around the primary osteon 
whereas the secondary osteon interrupts and breaks 
the line of lamellae quite distinctly.
(Compare the primary osteons of Fig.2.5. with the secondary osteons 
of Fig. 2.5.).
The collagen bundles within the individual shells are 
approximately parallel with each other although some interweaving 
does take place. However, the general orientation of the bundles 
is different in adjacent lamellae. Between these shells, which 
range from 50-100^ wide, the collagen bundles are randomly 
orientated and the individual fibrils are, according to Ascenzi 
(1957), more heavily encrusted with apatite crystallites than 
within the shells themselves. The crystallites, cylindrical in 
shape and up to 40% in diameter, are orientated with their 
longitudinal axes parallel to the axes of the fibrils which they 
surround, their lengths being such that they may extend over 
many collagen periods.
Under the polarising light microscope the laminated 
appearance is produced optically due to the change in orientation 
between the collagen bundles in successive lamellae - the randomly 
orientated fibres of the narrower bands have an isotropic 
appearance under polarised light, see Fig. 2.4.
However, radiographically, the isotropic bands absorb 
more X-rays (since they are more highly calcified) than the 
anisotropic bands and thus appear as lighter areas on the film, 
see Fig. 2.3.
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Fig.2.3. The lamellae of primary bone. The more highly 
calcified isotropic interbands absorb more X-rays and 
appear as whiter hands than the less highly calcified 
laminated bands of Fig,2.4.
Microradiograph, transverse section. x 130
Fig.2.4. The laminated hands of primary bone separated 
by isotropic interbands.
Polarised light, transverse section. x 250
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In many cases elongated vascular channels can be seen 
running coaxially with the lamellae (Fig.2.3.), They Frequently 
anastomose with channels From other lamellae and it is with 
these channels carrying the nutrient capillaries, that the 
canaliculi finally connect.
The osteocyte lucunae are small, regularly spaced and 
orientated with their diameters coplaner with the lamellae.
Their canaliculi penetrate in and around the collagen bundles and 
are usually found to run coaxially with the fibrils that surround 
them.
2.3.2.2. Secondary bone.
Primary bone may be considered as a transient phase 
between embryonic woven bone and mature adult secondary bone 
since it is eventually almost completely replaced by this latter 
type of bone tissue.
The basic unit of secondary bone, and that which 
characterises it from primary bone, is the osteon. If a 
transverse section is taken from the shaft of an adult long bone 
and viewed under a microscope a large number of roughly circular 
units can be seen; some are quite isolated, some touching, and 
some only partially complete because others hove encroached upon 
their boundaries, see Fig. 2.6. These units, when thought of in 
two dimensions, are called Haversian systems - after Clopton Havers 
who first described them in his treatise 'Osteologia Nova* in 
1691. If transverse serial sections are made then these units 
can be traced for anything up to 2mm, Cohen (1958), as they 
travel along the shaft of the bone thus adding a third dimension
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Fig,2.5. f'licroradiograph of primary bons depicting 
several primary osteons.
Transverse section, x 130
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Fig,2.6. Microradiograph of younger, less Highly calcified 
osteons (dark grey) encroaching on the boundaries of older 
ones (lighter grey) in the remodelling process.
Transverse section. x 260
* "  35  “
to the Haversian system. Three dimensionally, the osteon, as it 
is now termed, has many branches as it travels its mainly 
longitudinal course along the bone. Some of these branches 
connect with branches From other osteons, but many of them For 
some reason abruptly end, becoming indistinguishable From the 
surrounding tissue.
In the centre of the Haversian system. Fig. 2.7., lies the 
Haversian canal, the channel within which the blood capillaries 
and nerve fibres lie. Around this central canal are several 
concentric shells of bone tissue, the outermost one forming the 
boundary of the system. These shells or lamellae, are 
approximately analogous with the lamellae of primary bone except 
that their radius of curvature is very much smaller and they are 
always (in the complete system) unbroken annuli, whereas the 
lamellae of primary bone are often short and disrupted.
The laminated appearance is again an optical manifestation 
of the change in direction of the collagen fibres in successive 
lamellae, a change which may vary from 0° to 90^ in adjacent 
sheets.
The apatite crystallites, about 40-50% in diameter, ore 
orientated with their axes parallel to the axis of the collagen 
fibrils which they cover and extend over many collagen periods 
in the same way as in primary bone.
Each lamella, which is about 5-7U thick, is separated 
from the next by a narrow zone some 1.5-2IJthick having a rather 
different structure to the lamellae themselves. This zone, 
called the interlamellar cementing zone, reveals, according to
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Fig.2.7. Photomicrograph of a transverse section of an 
Haversian system. A detailed description of the structure 
appears in the text.
Cresyl fast violet - counter stained with Orange G.
Phase contrast, x 4ÜÜ
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Ascenzi (l965), only randomly orientated crystallites of the above 
dimensions with an absence of the collagen bundles familiar in the 
lamellae. however, the interlamellar cementing zone does have 
discontinuities and at these points is crossed, in a random 
fashion,by collagen fibrils connecting adjacent lamellae.
The interface between the osteon boundary and the surround­
ing tissue, called the cementing line, is similar in nature to the 
interlamellar cementing zone except that it is continuous and as 
such is not crossed by any collagen fibrils.
The osteocytes within their lacunae are arranged around the 
concentric lamellae in the same way as they are in primary bone 
and are supplied with nutrients via the canalicular mechanism as 
described in section 2.2.7.
In addition to the Haversian canals there occurs a further 
set of channels called Volkmann canals, which run radially and 
tangentially in the bone. These connect with the Haversian canals 
and eventually with the vascular connective tissue covering the 
outer surface of the bone through which the blood supply enters.
2.3.3. The gross structure of the whole bone.
If a long bone, e.g. the femur, is sectioned longitudinally, 
the epiphyses,(the condyles, femoral head and neck),are seen to 
consist of a spongy arrangement of fine anastomosing bony sheets 
(trabeculae), with marrow contained in the resulting meshwork and 
an outer covering of a thin shell of a much denser bone. On 
approaching the diaphysis, or shaft, the trabeculae thicken and 
become continuous with the dense bone of the wall (compact bone).
At the same time the spaces between the spongy bone (cancellous
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bone) enlarge and become continuous with the marrow filled 
medullary cavity.
2.3.3.1. Compact bone of the cortex of the long bones.
Working from the outer (periosteal) surface of the 
shaft of a long bone towards the inner (endosteal) surface, the 
periosteum (the vascular connective tissue covering the entire 
surface of the bone except for the articulating surfaces) is the 
first tissue encountered.
Directly beneath the periosteum lie several layers of 
circumferential primary lamellae, so called because they 
completely circumscribe the shaft. The periosteum is held in 
intimate contact with the periosteal surface of the outer lamella 
by radially penetrating fibres called Sharpey's fibres.
In young bovine bone, 6 months to 1 year old, these 
lamellae might extend uninterrupted through to the endosteal 
surface. In the case of more adult bone (human and bovine) after 
passing several unbroken circumferential lamellae, osteons begin 
to appear, isolated at first, but becoming more dense as the 
medullary cavity is approached, see Fig.2.8.
The non-secondary bone remaining between the osteons, and 
not comprising the circumferential lamellae, is sometimes termed 
interstitial lamellae. Structurally they are identical.
Within the cortex the osteons become so dense that little 
interstitial lamellae remain and, due to the remodelling process 
(see section 2.5.), much of this area is comprised of old osteon 
remnants that are the result of the continual replacement of old 
bone with new. In this area resorption and formation cavities are
- 39
Periosteal surface.
1 : ^
Endosteal -surface.
Fig.2.0, Transverse section of bovine femoral shaft demonstrating 
the typical change in structure with radial location in the shaft 
wall. The circumferential lamellae at the periosteal surface 
give way to an increasing density of osteons as the endosteal 
surface is approached.
Photomicrograph, unstained. x 20
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also apparent - Features which arc all part cF the remodelling 
process.
On reaching the endosteal surface the cavities break out 
into the medullary cavity leaving this surface with a rather 
jagged appearance with short branching trabeculae projecting into 
the marrow.
-2.3.3.2. Cancellous bone.
Cancellous bone is quite similar to compact bone except 
that the spaces have become predominant so giving the tissue its 
characteristically spongy appearance. The structure of cancellous 
bone is the same as compact in that it contains osteons, 
interstitial lamellae and remodelling cavities.
2.4. Bone formation and growth.
There are two separate ways in which bones of the embryonic 
skeleton can form. The first is by the replacement of a 
cartilagenous model by bony tissue (endochondral ossification),
and secondly whereby bone is laid down directly - usually within 
membranous areas (intramembranous ossification).
2.4.1. Endochondral ossification (with particular reference to 
the long bones).
This mode of bone formation is applicable to a large 
proportion of the skeleton and for this reason is discussed at 
greater length than intramembranous ossification.
In the various sites where bones are to form, the mesenchyme 
(the precursor of loose connective tissue) begins to differentiate 
into cartilage, resulting in a cartilagenous model with a fibrous
—  41 —
membrane (the perichondrium) surrounding it. This model, in the 
case of a long bone, increases in length by a process known as 
interstitial growth which entails the proliferation of cartilage 
cells (chondrocytes) within the extracellular substance of the 
cartilage model. An increase in diameter occurs by the addition 
of layers of cartilage between the outer border of the model and 
the perichondrium, a process termed appositional growth.
Most of the interstitial growth takes place towards the ends 
of the dhaft with the cartilage colls in the middle of the shaft 
becoming mature enough to produce phosphatase (an enzyme that aids 
the formation of bone mineral) causing the model at this site to 
become calcified. At about this time the perichondrium becomes 
invaded with capillaries; osteoblasts (bone forming cells) and 
osteoclasts (bone resorbing cells) differentiate forming a thin 
collar of immature bone around the mid-section of the shaft. This 
collar of bone, together with the calcified cartilage which it 
surrounds,then spreads towards the ends of the bone.
Simultaneously,osteoclasts remove the calcified cartilage and 
osteoblasts replace it with bone tissue. Capillaries invade the 
tissue with the advancing front of osteoblasts and the 
perichondrium, now covering bone, becomes the periosteum.
The ends of the long bones have their own centres of 
ossification (epiphyseal centres) and are responsible for forming 
the bone in the epiphyses, (e.g. condyles, neck and head of femur).
The junction of the diaphyseal (shaft) and epiphyseal 
ossification centres results in a cartilagenous disc(epiphyseal 
disc) from which the bone is able to increase in length. This
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is achieved by the proliferation of cartilage cells on the shaft, 
side of the discs - this having the effect of pushing the two 
discs apart and hence increasing the length of the bone. These 
cells eventually become calcified and replaced by bone, a process 
which continues until maturity when the discs themselves become 
calcified and replaced by bone. The bone has then lost its 
mechanism for longitudinal growth and the epiphyseal discs are 
said to be closed.
Diametral growth occurs by the appositional mechanism 
whereby layers of bone are laid down between the outer surface of 
the bone and the periosteum.
2.4.2. Intramembranous ossification.
Typically the bones that form the skull result from 
intramembranous ossification. No cartilage model is laid down 
but groups of mesenchymal cells differentiate into osteoblasts 
which in turn secrete the extracellular substance that forms the 
non-living matter of bone. Some of the osteoblasts do not concern 
themselves with the production of bone but proliferate new 
osteoblasts to enable the process to continue.
The immature bone first laid down in these processes is 
soon replaced by mature primary bone. This is achieved by fronts
of osteoclasts moving through the bone,resorbing woven bone as 
they go,followed by osteoblasts laying down new primary bone.
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2.5. The remodelling of bone.
Throughout life old bone is replaced by new bone - a 
process termed remodelling or turnover. This section is concerned 
with the formation oF secondary bone. The process is indentical, 
whether the change is from primary to secondary, or from old 
secondary to new secondary.
2.5.1. Resorption and formation cavities.
Before new bone can be laid down old bone must first be 
removed, this being the function of the multinucieated osteoclasts, 
These cells develop from the osteogenic cells that cover (e.g. 
beneath the periosteum) or line,(e.g. Haversian, Volkmann, and 
any other nutrient channels) the bone surfaces. The cavities 
that those cells produce, (resorption cavities) by the digestion 
of bone from their walls have a very ragged appearance, see 
Fig. 2.9.
Through some mechanism, not yet understood, the osteoclasts 
begin to degenerate and osteoblasts take their place. They line 
the walls of the ragged cavities and begin to secrete extra­
cellular substance in all directions surrounding and entombing 
themselves in the hard matrix. At this point they become 
osteocytes residing in the lacunae in which they have trapped 
themselves. Gradually the wall of the cavity becomes smoother 
and decreases in size as more and more layers of bone are laid 
down, see Fig. 2.10. The cavity is now called a formation cavity. 
The osteoblastic action continues until there remains only a small 
lumen containing a blood capillary and nerve fibres, thus forming 
the Haversian system; the lumen being the Haversian canal.
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Fig.2.9. A tyoical resorption cavity in primary bon- 
Note the ragged walls formed by random osteoclastic 
activity.
Microradiograph. x 130
%  •
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Fig.2.10. The development of a new osteon - osteoblastic 
action lines the walls of a resorption cavity, now a 
formation cavity, with lamellae of new, low mineral density 
bone.
Microradiograph. x 130
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The calcification of the matrix, as shown by Asconzi 
(1959) and (l9G5), initially proceeds at a very high rate when up 
to about 70^ of the final mineral concentration is laid down.
The addition of the remaining 30^ occurs much more slowly and 
even when the complete osteon is fully mature, in that it has 
attained its fully calcified state, its mineral content is always 
lower than that of primary bone. The natural remodelling process 
causes the osteon, in its later life and associated higher calcium 
level, tc be partially or completely resorbed to make way for new 
bone. Clearly, the older the osteon becomes, the greater the 
probability of its resoprtion. This results in a tendency for 
the complete osteon to have a generally lower calcium content 
than the partial osteon which in turn has a lower content than 
primary bone.
There are at least two possible reasons for parts of old 
bone being resorbed and replaced, Ham (1955):-
(a) The cells in a specific area have died.
(b) The factors that control blood calcium lovel require 
osteoclastic action for its maintenance.
However, the factors influencing the differentiation of osteo­
clasts with resorption at one point, and osteoblasts with 
formation at another, are still not understood.
After the closing of the epiphyseal discs remodelling in 
the healthy bone continues at a balanced rate, i.e. the rate of 
formation equals the rate of resorption. This not only ensures 
that the bone is kept in prime condition but also allows it to 
perform its function as a calcium reservoir by maintaining the
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calcium in dynamic equilibrium with the blood.
In the elderly the rate of Formation tends to decrease 
with the result that the overall porosity of the bone increases 
- a condition known as osteoporosis.
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CHAPTER 3
THE TEST SPECIMEN - ITS DESIGN AND PRODUCTION
3.1. Introduction.
This chapter is concerned with the selection of material 
for test specimens, with their design and machining, and with 
the pre-testing storage conditions, together with the effect that 
these conditions have on the mechanical properties of the material.
Because of the exploratory nature of the initial tests, 
coupled with the availability of supply, it was decided to use 
bovine bone for these series. Although bovine and human bone are 
very similar in nature with regard to histological structure, 
chemical composition and mechanical properties, it was felt that 
to produce results strictly relevant to a better understanding of 
the behaviour of human skeletal tissue under stress, (an objective 
to which all such studies must ultimately lead), the main body of 
experimental work should involve human bone.
3.2. Bovine Material.
The femur was the natural choice for the source of supply 
of bovine material since it has a greater cortical thickness and 
shaft diameter than any other load bearing bone in the animal's 
body. This enabled several test pieces to be conveniently 
machined from one bone.
Animals reared for human consumption tend to be slaughtered 
at about the same age which means that corresponding bones in
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different animals have all reached similar stages oF development.
A requirement for the initial series of tests (see Chapter 
6) was that the test specimens should include microstructures 
ranging from predominately primary to predominately secondary 
bone. Since this is essentially a function of age these animals 
were precluded as a source of supply.
Femurs from accident stricken, but otherwise healthy 
animals, were used, thus fulfilling the variation in microstructure 
requirement by encompassing a wide range of ages.
Excess muscle, together with the periosteum, were stripped 
off with a scalpel and the middle third of the diaphysis of the 
shaft was removed with a hacksaw using distilled water as a 
coolant. The resulting 'tube' of compact bone was divided 
circumferentially into eight segments and numbered, relative to 
the anatomical planes, as shown in Fig.3.1. These divisions 
were continued longitudinally along the periosteal surface and 
used as guide lines for the saw, so dividing the tube into eight 
longitudinal strips each about 8cm. in length. From most of the 
strips it was possible to machine one test piece, but in some 
cases natural variation of wall thickness prevented this and 
usually resulted in an average of five or six specimens from each 
bone.
3.3. Human Material.
The middle third of the diaphysis of the femoral shaft of 
the adult cadaver was dissected out at post-mortem and used as 
the source of human compact bone; the femur again being chosen 
because it afforded the greatest mass of compact bone.
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in distal direction, showing method 
of identifying the segments.
fig. 3.1.
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Only femurs from cadavers where the cause of death was not 
attributable to primary or secondary bone diseases were considered 
suitable for use. Table 3.1. lists the femurs and the associated 
cause of death, together with the sex and age; the dates of death, 
dissection, machining and testing. The specimens machined from 
each femur also appear in this table. The figure following the 
hyphen in the specimen number indicates its circumferential 
location in the bone, see Fig.3.1.
Arising from the relative sizes, the human femoral shaft 
was cut into four sections as opposed to the eight of the bovine 
shaft.
Fig. 3.1. shows the position of the strips in relation to 
the anatomical planes of the bone together with the method of 
identifying these positions.
Between cutting and machining, both human and bovine 
strips were wrapped in moist paper tissue to prevent surface 
drying and maintained at a temperature of 0°C.
3.4. Design of the tensile specimen.
Analysis of the literature concerning the design of tensile 
test pieces revealed that the great majority of workers adopted 
a specimen of rectangular or square cross-section with radii of 
varying magnitudes between the ends of the gauge length and the 
shoulder. Evans (1951 }, (1952) and (1957), Walmsley and Smith 
(1959), Dempster (i960), McElhaney (l964),Sedlin (1965) and (1966), 
Melick (1966), Lindahl (l967), and Hirsch (1967).
It would appear that only a small number of investigators 
employed test pieces with a circular cross-section, Currey (l959).
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Sweeney (1965), and Piekarski (1968).
The disadvantage of a rectangular test piece is that the 
stress distribution across such a section subject to a steady 
tensile load is non-uniform due to the presence of corners. The 
magnitudes of the stresses at the corners themselves are quite 
uncertain. This problem is eliminated if a geometrically uniform, 
i.e. circular, cross-section is employed.
A further important point for consideration is that if 
different sized test pieces are to be used, then comparisons 
between their behaviour in the plastic region is only meaningful 
if the specimens are geometrically similar. As an example of 
this consider the mechanical property % elongation (see Chapter 
4), defined as the ratio of the plastic or non-recoverable 
extension to the original gauge length.
The plastic deformation undergone by a material tends to 
be localized at the point of fracture - little plastic extension 
occurring at locations remote from the fracture site. For a 
specimen of a given diameter, an increase in the gauge length 
will produce a corresponding decrease in the % elongation.
However, if the gauge length is defined as some ratio of the 
gauge diameter, then the value of this parameter will be 
independent of the diameter of the test piece.
British Standard Specification B.S.I.18 (1950), includes 
dimensions for tensile test pieces of circular cross-section.
Since the standard chucks supplied with many testing machines 
are designed for use with these test pieces it was decided to 
adopt this design of specimen for the present work.
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The publication recommends that the relationship between 
gauge length and gauge diameter should be:-
gauge length = 5.65 /gauge cross-sectional area
The actual dimensions of the test piece together with 
their relationships with the gauge diameter, as specified in 
8.S.I.18, are shown in Fig.3.2. The only deviation from the 
British Standards design was with regard to radii at the junctions 
of gauge with shoulder diameters and shoulder with head diameters. 
In order to explain the reason for this it is necessary to 
briefly outline the method of measuring the extension of the 
specimen under test. (A fuller explanation appears in Chapter 4).
The deformation undergone by a test piece under load is 
often measured by means of a device which is secured to a 
parallel portion of the specimen (the gauge length) during the 
test. The adoption of this technique does not require knowledge 
of the extension undergone in the locality of the terminal radii 
since these lie outside the gauge length. Due to the small 
physical size of the test pieces and the type of chucks used to 
grip them (see Chapter 4), it was not possible to employ this 
method of extension measurement. The method finally selected 
utilised the distance between the heads of the specimen as a 
gauge length and so included the radii.
If the junctions between the different diameters, i.e. 
gauge/shoulder and shoulder/head were made sharp corners, then, 
under load, the presence of the large diameter would support the 
adjoining portion oF the smaller diameter and restrain it from 
extending freely. This restraint would cause the overall extension
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to be too low. Conversely, if large radii were to be used to 
connect these diameters then the radii themselves would extend 
and the total extension would be too great. Tensometer, the 
manufacturers of the testing equipment used, have found 
experimentally that if the radius of curvature is 0.2 times the 
diameter, then one error cancels the other and accurate results 
are obtained.
The final design of the specimen, as shown in Fig.3.2., 
was only adopted following some rather disappointing tests on 
specimens of a much simpler design, both with regard to machining 
and subsequent computation of mechanical properties. The initial 
design was essentially the sape as the one in Fig.3.2. except 
that in the former the central portion was not reduced, and what 
is now the shoulder diameter, (4.52mm. and 3.57mm. diameters fur 
bovine and human respectively), was then the gauge diameter - all 
other dimensions being identical.
The reason for the rejection of this design was that about 
80% of the specimens tested fractured on the radii at tho junctions 
between the gauge length and the head. Failure at this point was 
unacceptable because of the difficulty in calculating the 
ultimate tensile strength, as the magnitude of the break ares 
was uncertain. Computation of the % elongation was also 
complicated since the plastic extension did not occur over a 
uniform cross-sectional area.
It would appear that other investigators had similar 
difficulties; Currey (1959) used specimens with gently sloping 
shoulders and a parallel gauge length, but only calculated the
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ultimate tensile strength, Sweeney (1965) polished his specimens 
slightly concave to encourage fracture in the gauge length and 
accounted fur the variation in cross-sectional area by a 
mathmatical technique.
Surrey's remedy was excluded because of the limitation it 
imposed on the range of mechanical properties that could be 
investigated.
B.S.I.18 recommends, in the case of certain brittle 
materials, the reduction in area of the central portion of the 
test piece. The adoption of this recommendation, whilst 
complicating machining and computations, reduced the rejection 
rate from failure at the radii to an acceptable level of about 
10%. This solution was considered simpler than an attempt to 
control a non-linear specimen profile, Sweeney (1965), on the 
simple machining equipment available.
3.5. Machining of the test pieces.
Machining was carried out on a 4 inch Myford lathe fitted
with a four-jaw chuck. A drip feed enabled a continuous supply
of coolant to the tool point so preventing any detrimental 
heating and drying of the bone during the machining operation.
The fluid used as a coolant was Hanks Balanced Salt 
Solution saturated with a mixture of 95% 02/5% CO2 gas, and
buffered to pH 7.2-7.4 with sodium bicarbonate buffer.
The machining sequence for each of the strips of human 
and bovine bone was identical and as follows: One end of the 
strip was gripped in the chuck whilst the other was supported by 
a running centre in the tailstock. A cylindrical section was
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first produced whose diameter was slightly greater than the final 
head diameter of the specimen.
Since the cortical thickness of the bone was only slightly 
greater than the maximum diameter of the specimen being machined 
from it, all tho test pieces tended to be located at the same 
radial position within the wall, i.e. approximately mid-way 
between endosteal and periosteal surfaces.
A radius form tool was used to rough out the general 
profile of the specimen; the final roughing cuts being taken at 
1480 r.p.m., (surface speeds of 14.9m./min. and 11.7m./min. for 
bovine and human bone respectively).
The finishing cuts were made with form tools whose profiles 
were such that the correct radii of curvature were produced at the 
ends of the parallel sections. The final, continuous cut from 
one radius along the gauge length to the other was taken at 
40 r.p.m., (surface speeds of 0.4m./min. and 0.3m./min. for bovine 
and human bone respectively).
The possibility of premature failure due to stress 
concentrations caused by machining marks was reduced by a very 
light, high speed polish of the gauge length and radii with 400 
grit size silicon carbide abrasive paper.
The time lapse between commencement and completion of 
machining was about 1 hour.
3,6. Pre-testing storage.
On investigation into aspects of a biological material in 
the fresh state, the process of storage before, or during, the 
experimentation is one that should be avoided if possible, since
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deterioration of such a material is inevitable. However, in 
certain cases storage may be necessary, and an attempt must be 
made to assess the effect of this storage on the relevant 
properties.
Many investigators have found it necessary tc store their 
specimens, usually between machining and testing, but the 
environments, temperatures and storage times vary considerably 
from author to author. Sedlin (l96ô) and Hirsch(l967) immersed 
their test pieces in Ringers solution and stored them at -2U°C 
and -30°C respectively. Piekarski (1968) and (1970), stored 
them in 0.9% saline solution at 0°C for up to 1 week. Sweeney 
(l965) preferred 50% ethyl alchohol and water for up to 3 weeks, 
whilst Currey (1959) stored his specimens in physiological 
saline for 1 day.
The possibility of small amounts of bone mineral dissolving 
from the surface of the specimens and going into solution in the 
surrounding fluid, together with the possible absorption of fluid 
by the bone and so producing a water content in excess of that 
which is normal, bestows certain disadvantages on the immersion 
method.
Lindahl (1967) employed storage at 20°C and 65% relative 
humidity, whilst Melick (1966) wrapped his specimens in plastic 
sheet and stored some at 4°C and others at -20°C.
The low storage temperatures used by most investigators 
seem advantageous since they are not conducive to bacterial 
growth and hence tend to reduce the rate of deterioration of the 
stored bone.
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As it was found necessary to store specimens for 2 to 3 
days between machining and testing, because time did not permit 
both operations to be conveniently carried out in the same day, 
a humid atmosphere and low temperatue environment was chosen for 
storage. These conditions could only be used provided it could 
be shown that they had no significant effect on the subsequent 
mechanical properties, (see section 3.7.).
After machining, excess surface moisture was shaken from 
the specimen which was sealed on end, sandwiched between two pads 
of damp cotton wool, in a glass phial. The air surrounding the 
specimen became saturated with water vapour and thus maintained 
the bone in its wet state with no possibility of mineral 
dissolution. The phial and contents were refrigerated at -40°C 
until required for testing.
The contents of Tables 3.2. and 3.3. shows the average 
times involved between events from death through to completion of 
testing of both human and bovine bone respectively. For 
completeness, a selection of test specimens from each of the 
femurs are included in these tables.
3.7. The effects of storage on the mechanical properties of
bone.
Sedlin (1966) was of the opinion that freezing at -20°C 
for up to four weeks did not have any significant effect on the 
mechanical properties of bone, although he did note a increase 
in the average ultimate strength after freezing. Piekarski (1968) 
found significant differences between parameters of specimens 
that had been stored for less than, and greater than, one week at
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0°C in 0,9% saline, although he presented no data comparing 
results from fresh specimens and those stored for up to one week. 
Melick (1966) stated that a slight increase in tensile strength 
occurred with storage for one week at -20°C in plastic sheet. He 
pointed out that the data was too scanty to be anything more than 
indicative.
The storage method used in tho present investigation was 
developed by combining the better features from the work of other 
authors. As a result of this, the effect of the process on the 
mechanical properties was unknown, and because storage does seem 
to have some effect it was decided from the outset to carry out 
an independent investigation.
To examine this effect, two specimens were machined from 
each strip of bovine bone instead of the usual one. The two 
specimens were situated end to end in the strip either side of 
tho mid-length position. One specimen was tested immediately 
whilst the other one of the pair was stored, as described in 
section 3.6., for one week before testing. Seven pairs of 
specimens were produced in this way and tested as described in 
Chapter 4.
It has been demonstrated by, amongst others, Evans (1951), 
that the mechanical properties of cortical bone vary with the 
circumferential position in the whole bone, and the pairing 
method was adopted in an attempt to reduce the effect of this 
variable to a minimum. The results in Table 3.4. show that the 
attempt was reasonably successful since the ultimate tensile 
strength and the elastic modulus are, in most cases, of similar
63
magnitude for specimens of the same pair.
It is apparent from this table that storage has increased 
the mean tensile strength by 7% and the elastic modulus by 
approximately 4%. The increase in strength is almost the same as 
that found by Sedlin (1966) and supports the trend mentioned by 
Melick (1966).
The differences between the means of tensile strength, 
elastic modulus and % elongation (see below) are, however, not 
significant at the 5% level, and the conclusion was drawn that 
storage for a period not exceeding one week in a saturated 
atmosphere at -40^^ had no significant effect on the mechanical 
properties.
This investigation was carried out at a fairly early stage 
in the work when the analytical methods were not fully developed.
At that stage some difficulty was found in determining an accurate 
measure of the % elongation from the stress-strain curve.
Although the parameter is included in Table 3.4. little significance 
can be attached to it and those values thought to be particularly 
inaccurate have been omitted altogether.
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Specimen
Number
Ultimate
Tensile
Strength
™ / m 2  (Kgf/^2)
Modulus
of
Elasticity 
MN/m2 (Kgf/mm2)
Percentage
Elongation
%
UNSTORED
2 76.52 ( 7.80) 12164 (1240) —
4 84.07 ( 8.51) 8505 ( 867) 0.260
6 115.46 (11.77) 11870 (1210) 0.389
8 102.22 (10.42) 12998 (1325) —
10 92.31 ( 9.41) 11752 (1198) —
12 73.18 ( 7.46) 7161 ( 730) 0.488
14 91.63 ( 9.34) 12145 (1233) 0.328
mean 90.74 ( 9.25) 10958 (1117) 0.366
std.dev. 13.66 ( 1.39) 2033 ( 207) 0. 084
STORED
1 93.10 ( 9.49) 9712 ( 990)
3 89.66 ( 9.14) 9025 ( 920) 0.264
5 114.97 (11.72) 12469 (1271) 0.261
7 115.76 (11.80) 11870 (1210) -
9 98.10 (lo.ooT 18050 (1840) I
11 74.85 ( 7.63) 6867 ( 700) 0.453
13 96.63 ( 9.85) 11478 (1170) -
mean 97.61 ( 9.95) 11350 (1157) 0.326
std.dev. 13.24 ( 1.35) 3265 ( 333) 0.090
Matching pairs
Table 3.4
1,2 
3,4 
5,6 
7,8 
9,10 
1 1 , 1 2  
13,14
Effects of storage on mechanical properties
CHAPTER 4
MECHANICAL TESTING AND HISTOLOGICAL ANALYSIS 
PART A - MECHANICAL TESTING
4.1. Introduction.
Consideration of cortical bone as a structural material 
reveals it to be in many respects, similar to the more advanced 
type of structural materials with which the engineer finds 
himself increasingly involved, namely, tho fibre reinforced 
composites.
Gone is a relatively brittle material, displaying an 
essentially linear elasticity up to about 70% of its tensile 
strength, with only small amounts of inelastic deformation, 
typical of the brittle materials, preceding fracture. However, 
the characteristic which connects it most significantly with the 
fibre reinforced materials is its anisotropy - the dependence 
of the mechanical properties upon the direction of the aoplied 
stress.
In other respects it differs distinctly from either the 
conventional or advanced structural materials. The dynamic 
response of bone to stress, enabling it to reconstruct itself to 
perform its mechanical functions most efficiently, is probably 
its greatest distinguishing feature. A further characteristic 
which separates it from most other materials, with the notable 
exception of the 'honeycomb' laminates, is its high porosity.
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In healthy bone up to 30% of its volume may be occupied by voids 
which range, in size and shape, from the relatively large, 
ragged, resorption cavities to the tiny, anastomosing canaliculi.
Within the body of course, bone exists in a wet state and 
must obviously carry out its mechanical functions in that 
condition.
The conclusion to be drawn from these observations is that 
whilst many of the testing techniques, familiar enough to the 
engineer, may be utilised in the study of cortical bone; additional 
factors, such as the control of the moisture content and the 
difficulty of attaching strain gauges to a wet surface, must be 
initially recognised and effectively dealt with.
4.2. The mechanical testing equipment.
The mechanical testing was carried out on a Hounsfield 
Type W Tensometer, a general view of which is shown in Fig. 4.1.
It was probably one of the simplest tensile testing machines 
that was commercially available at the time of this work. The 
lack of sophistication did not, however, impare its accuracy,
(see sections 4.2.2. and 4.2.4.) although to achieve this, 
considerable care had to be exercised in its operation.
The load-extension curve, reproduced by the automatic 
recording facility, was too small for use as the source of raw 
data from which the mechanical properties could be accurately 
established. To record such data it was necessary to plot the 
curve manually - although considerable care had to be taken to 
reduce possible errors to a minimum. With this object in mind 
a simple modification, described in section 4.2.2., was made to
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the load recording system.
4.2.1. Load transmission to the test specimen.
Although the chucks were of standard design and supplied 
by the manufacturers of the Tensometer, a special set of collets 
to accommodate the smaller size of the human test specimens had
I
to be fabricated.
The chucks, shown in Fig. 4.2., consisted of two pairs of 
split collets which supported the test pieces on the radii and 
faces between the head and shoulder diameters. The individual 
halves of each collet were precisely located together by their 
externally threaded diameter which screwed into the collet 
holders, so forming a rigid unit. Pins, clearly visible in 
Fig. 4.1., provided positive fixation between the collets and 
the crosshead spigots. Each of these spigots incorporated a 
universal joint which prevented any bending moment, caused by 
axial mis-alignment of the fixed and moving crossheads, being 
induced in the test specimen.
The function of the plate spanning the crosshead guide 
rails was to support the 'free ends' of the collet holders and so 
prevent any of the combined weight of the holders and collets 
being carried by the test piece,
4.2.2. The load measuring system.
The load carried by the test specimen was measured within 
the machine by simultaneously applying it to the mid-point of a 
simply supported beam; the deflection of which was transmitted 
to the piston of a mercury filled cylinder. A graduated capillary
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Fig.4.1. Diagram of the teiisile testing machine showing 
the motor drive unit, the assembled chucks, the 
recording drum and saline drip. More detailed descriptions 
appear in the relevant sections of the text.
Fig.4.2. The split type collets and collet holders used 
to transmit the load to the test specimen as described 
in section 4.2.1 .
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tube arranged to accept the displaced mercury was situated along­
side the recording drum, (see Fig.4.1.). The change in mercury 
level in the capillary tube was thus directly proportional to 
the load supported by the test piece.
By means of a pivoted, sliding graticule the change in 
the mercury level could be followed whilst making a continuous 
recording of pin-pricks on tho recording drum.
A series of spring beams were supplied as standard 
equipment. This provided a range of sensitivities up to the 
most rigid beam whose maximum working load was approximately 
20,BOON. Each beam was calibrated on the machine by the 
manufacturers and the two beams used throughout this work (2,500N 
and 1,250N for bovine and human test pieces respectively) were 
stated to bo correct to within 0.1% over the load range required. 
This was considered to be quite acceptable, particularly in view 
of the possibility of generating considerably larger errors in 
attempting to transfer the level reached by the mercury in the 
capillary tube to the recording drum.
A very simple, but effective, modification was made to 
the graticule which originally consisted of a single scribed 
line on a perspex strip projecting from the slider over the 
mercury column. The method of operation was to depress the slider 
at the instant the mercury level coincided with the graticule. 
Situated beneath the depressed end of the slider was a sharp 
probe whose function was to mark the recording paper with a 
perforation.
For a given position of the mercury level (a measure of the
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actual magnitude of tho load) the position of the graticule,(the 
recorded magnitude of the load) could vary slightly, above or 
below the true level of the mercury, the amount being dependent 
upon the position of the operator's eye. The resulting error, 
besides being undesirable, was inconsistent due to the 
impossibility of maintaining a constant sight line when tho 
mercury level, graticule and eye position, were all moving 
independently of one another. The problem was eliminated by 
replacing the original graticule with one of increased thickness 
(approximately 8mm)with the graticule line inscribed on each face, 
Only by positioning the eye along a unique sight line was it 
possible to cause the two lines to merge together and give the 
appearance of there being only one.
The technique then, was to so position the eye that no 
parallax error was observed, and depress the slider the instant 
the mercury level coincided with the 'single' line.
4.2.3. The application of strain to the test specimen.
The moving crosshead, which carried one of the chucks was 
connected, through a lead screw, worm gear and pulley system, to 
a motor drive unit. The motor and pulley combination enabled the 
crosshead to be driven at a pre-selected but constant rate. The 
arrangement is clearly visible in Fig.4.1.
To suit a relatively brittle material such as bone, whose 
plastic deformation is very low compared with most other struct­
ural materials, it was found necessary to reduce the range of 
crosshoad speeds available from the existing drive unit. This 
was achieved by replacing the standard 1420 r.p.m. motor with a
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geared motor whose output shaft speed was 28 r.p.m. This 
effectively reduced tho crosshead speed range from 50.0-0.2mm./min. 
for the standard motor, to 1.042-0.0035mm./min. for the geared 
motor.
Actual crosshead speeds were determined by measuring, with 
the aid of a dial indicator mounted on the bod of the machine, 
the distance traversed by the crosshoad during a discreet time 
interval. The calibration was carried out over that portion of 
the lead screw that was in contact with the drive nut during 
tests on the actual specimens. Possible variations in crosshead 
speeds caused by local inaccuracies in the lead screw thread 
pitches were thus accounted for.
Division of the crosshead rate by the gouge length of the 
test piece resulted in the parameter called the rate of strain.
It should be noted that the division of the crosshead rate 
by the gauge length to give the strain rate is conventional, but 
in practice this value is inevitably modified by the elastic 
deformation of the testing machine. The extent of the modification 
is dependent upon the deformation undergone by the machine in a 
given time which in turn is a function of the elastic modulus of 
the material under test.
It should, therefore, be remembered that the strain rates 
undergone by the specimens themselves were slightly lower than 
the nominal strain rates which ranged from 0.001 to 0.083mm./mm.min,
4.2.4. Strain measurement.
The measurement of the deformation undergone by the tost 
specimen is invariably more difficult to measure than the load
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causing that deformation because the strain is peculiar to the 
specimen itself, whereas the load is physically transmitted to
several parts of the testing machine, some of which may be quite
remote from the vicinity of the tost piece. This means that
although the load can usually be measured at some convenient,
pre-selected position, the localized nature of the strain
precludes such an approach.
In the past this has led to two alternatives being 
developed for measuring strain:-
(a) directly - by measuring the actual deformation 
undergone over a known length of specimen.
(b) indirectly - by measuring the overall deformation 
suffered by a discreet section of the testing 
machine which includes the test specimen. This 
method requires a knowledge of the stiffness of 
the machine in order that the deformation of the 
test piece alone can be extracted from the whole.
The direct method, inherently the most accurate, is usually 
effected by either attaching a strain gauge to the surface to be 
deformed or, alternatively, by means of an extensometer which 
records the deformation suffered between two points on the 
specimen a known distance apart.
All bone specimens were tested in a fresh (i.e. wet) 
condition thus eliminating the strain gauge technique from the 
outset since these devices cannot satisfactorily be attached to 
wot surfaces.
Fig. 4,2. shows quite clearly that, following assembly of 
the specimen in the chucks, only about 5mm. of its gauge length
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remained exposed. Most extensometers work over a gauge length of 
25 to 50mm. - a length that was not available. The chucks were 
however, provided with a facility which enabled an extensometer 
to be attached across the collet holders where the required length 
could he accommodated. This imposed the additional weight of the 
extensometer (several times greater than that of the chucks) on 
the support plate, the increased deflection of which would almost 
certainly have induced a bending moment in the test specimen. 
Primarily for this reason, strain measurement by means of an 
extensometer was rejected.
Although the direct method is capable of achieving a 
. greater accuracy than the indirect approach, it does have the 
major disadvantage that the strain is measured independently of 
the load. Unless these were generated in the form of electrical 
signals (which would have involved considerable modifications to 
the machine) and used as the inputs to an X-Y plotter, then the 
reproduction of the stress-strain curve, particularly in the 
region of the elastic/plastic transition point, would have been 
virtually impossible.
On the machine used the indirect method has the real 
advantage that a permanent graphical record cf the stress-strain 
relationship is produced, although great care is needed during 
the actual test. Additional computation is also required. This 
method of course does not require the attachment of further 
equipment to tho test piece or chucks and the resulting obviation 
of possible transverse loading on the specimen was considered to 
be highly desirable.
The rather complex geometry of the test specimen, dictated
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by the brittle nature of the material, requires an explanation 
concerning those portions of the specimen that contribute to the 
overall deformation. It has already been mentioned that contact 
between the collets and the test piece occurred at the radii and 
faces connecting the shoulder and head diameters. In Chapter 3 
it was stated that the manufacturers of the testing equipment had 
shown empirically that if the radii were a factor of 0.2 times 
the diameter on which they were cut, their contribution to the 
total extension could be considered to be zero. (A more detailed 
explanation of this point is found in Chapter 3).
On this basis the parallel lengths only of the gauge and 
shoulder diameters, i.e. those of lengths L and (K-L-2r) 
respectively, in Fig. 3.2., were effectively considered to deform 
under load - their addition constituting the total deformation.
4.2.4.1. The strain measuring system.
The recording drum of the Tensorneter was connected through 
a gear system to the lead screw drive nut in such a manner that 
translatory motion of the crosshead resulted in a proportionate 
rotation of the recording drum. Thus, whilst absolute magnitudes 
of load were recorded along the ordinate, the distance traversed 
by the crosshead, suitably magnified by the gear system, was 
recorded along the abscissa.
If the machine was infinitely rigid then, clearly, the 
deformation undergone by the test specimen would have been equal 
to the whole of the crosshead movement. In reality the machine 
had finite stiffness and only part of the crosshead movement, 
therefore, constituted strain in the specimen - deflection of the
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spring beam and deformation of the chucks, guide rails, etc. 
accounting for the remainder. The problem was to separate the 
total deformation into that attributable to strain in the test 
piece,and the rest.
The split collets were removed from the holders and a 
length of screwed rod, made from high tensile steel, was used to 
connect the two holders rigidly together with their ends in close 
contact. This effectively constituted a tensile test specimen of 
zero gauge length whose cross-sectional area and elastic modulus 
were respectively about 50 and 15 times that of bone. The 
resulting extension of this specimen, when subject to the 
relatively low loads typical of those required to cause failure 
of the bone specimens, was infinitely small and for practical 
purposes the whole of the crosshead movement could be considered 
to be attributable to deformation of component parts of the 
testing machine. Using this screwed rod as a tost piece, tensile 
tests were carried out over the working range of each of the two 
spring beams that were later to be used in the tests on bone.
The resulting graphs, known as the 'characteristic curves' of the 
machine, related the load to the deformation of the machine at 
that load.
The characteristic curves were plotted for each strain rate 
to be used but, as expected, for any given beam the curves were
identical, indicating the non-sensitivity of the machine stiffness 
to the rate of straining.
When testing bone specimens a simple subtraction, using 
the relevant characteristic curve, was all that was required in
- 76 -
order to extract from the gross deformation the contribution 
attributable to Uie test piece alone, (see Fig.4.3.).
4.3, Mechanical testing procedure.
4.3.1. Temperature of testing.
Relatively few investigators have made specific reference 
to the temperature of testing, but of those who have, room and 
body temperatures appear to be the most commonly used. There is, 
however, some variation in the reported effects of the testing 
temperature on the resultant mechanical properties. Walmsley 
and Smith (1959) noted a reduction in the elastic modulus of a 
single specimen when the temperature of testing was increased. 
This was reported to have occurred in both tension and bending. 
Sedlin (1966), who carried out bending tests at 21°C and 37°C 
observed a significant reduction in the modulus at the higher 
temperature in only certain of the specimens - those originating 
from a single cadaver. In addition, no significant differences 
relative to the maximum stress and energy absorbed to failure 
were noted, although a significant 6^ increase in the total 
deflection to failure was observed in the series tested at 37°C. 
Piekarski (1968) reported a small but discernable reduction in 
both the tensile strength and elastic modulus over a temperature 
increase of 18°C to 28°C.
Although it is quite clear that the temperature of testing 
does affect the mechanical properties, it is equally clear that 
the precise nature of this effect is ill-defined. The author is 
in agreement with Piekarski in that, whatever the effect is, an
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attempt should be made to minimize it by standardizing the 
temperature of testing fur specimens in a given series.
In the current investigation a temperature of 20°C was 
employed since its maintenance, being close to room temperature, 
could be achieved with comparative ease.
4.3.2. Testing procedure.
Before being tested the specimens were removed from storage 
and placed, still sealed in their glass phials, in a water bath 
maintained at a constant temperature of 20°C. They were left 
there for two hours to allow their temperatures to equilibrate 
with that of the water. Since they were still sealed in a 
saturated water vapour atmosphere their 'as fresh' moisture 
content was maintained. After this time a specimen was removed 
from its container and carefully assembled in the chucks. 
Throughout this, and the subsequent testing period. Hanks Balanced 
Salt Solution at 20°C was dripped continuously on the specimen.
The temperature and wet state of the bone were tnus constantly 
maintained by the oxygenated solution (95% 0 2 / 5% 0 0 2 , buffered to 
pH 7.2 - 7.4).
Although this drip technique, clearly visible in Fig.4.1., 
was not the most satisfactory method of preventing a temperature 
change, ambient temperatures were normally between 19° and 21°C, 
and the specimen temperature must have been located in this range.
A typical curve, together with the machine characteristic 
is shown in Fig.4.3.
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4.4. Definition of tho mechanical properties measured.
Reference should be mode to Fig.3.2. for identification 
of the notation used below.
4.4.1. Ultimate Tensile Strength (U.T.S.). Units - MN./ 2m.
This is defined as the maximum tensile load supported by 
the test piece divided by the original cross-sectional area.
i.e. U.T.S. = max. tensile load
9
TTd'^
4
The maximum tensile load is measured from the load-extension 
curve.
4.4.2. Modulus of Elasticity (C). Units - MN./^ 2
This is a measure of the rigidity of the material and is 
defined, in the elastic region only, as being the ratio of the 
stress to the strain caused by that stress.
The geometry of the test specimens required the development 
of ah expression for the modulus which accounted fur the non­
uniformity of the gauge length. The derivation itself is trivial 
and only the result is presented here.
P 4L
X
1.+ (K—L—2 r)  ^
L
where 'x' is the elastic deformation induced in the specimen by 
the tensile load P.
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4.4.3. Percentage Elongation (e). Units - %
This parameter is a measure of the irreversible or 
irrecoverable extension suffered by the material between the 
limit of elastic behaviour and the advent of final fracture.
It is determined by dividing the inelastic or plastic extension 
undergone in the specimen by the original gauge length, ('L' in 
Fig. 3.2.), expressing the result as a percentage.
i.e. e = *p , 100
where'Xp'is the plastic deformation measured from the load- 
extension curve.
Thé magnitude of the percentage elongation is clearly a 
function of the gauge length, whereas of course, the actual 
plastic deformation is not. It is for this reason that comparisons 
between percentage elongations of specimens of different physical 
size (o.g. bovine and human test pieces) are only meaningful if 
they are geometrically similar.
4.5. Results.
The mechanical properties, so calculated, are listed for 
bovine and human test specimens in the tables which follow. For 
convenience a summary of their means and standard deviations are 
given in Table 4.5.
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Rate of Strain - 0 .011 mm.
mm.min.
Specimen
Number
Ultimate
Tensile
Strength
MN/ 2 (kgf/mm^)
Modulus
of
Elasticity
MN/m2 (kgf/mmZ)
Percentage
Elongation
%
40-4 97.22 ( 9.91) 11134 (1135) 0.59
41-7 114.97 (11.72) 17805 (1815) 0.22
42-1 133.61 (13.62) 16844 (1717) 0.42
43—4 95.16 ( 9.70) 15313 (1561) 0.47
44—1 117.33 (11.96) 20856 (2126) 0.86
45-2 121.06 (12.34) 17716 (1806) 0.96
46-6 98.SB (10.08) 13332 (1359) 0.61
47-7 105.56 (10.76) 15049 (1534) 0.74
48TB 118.11 (12.04) 16863 (1719) 0.66
mean 1 111.34 (11.35) 16100 (1641) 0.61
std.dev. 1 12.16 ( 1.24) 2653 ( 270) 0.21
Table 4.1. Bovine test specimens,
Rate of Strain - 0. 001 m m .
mm.min.
Specimen
Number
Ultimate 
Tensile . 
Strength
MN/n2 (kgf/mm2)
Modulus
of
Elasticity
f«/^2 (kgf/„^)
Percentage
Elongation
%
04-3 75.69 (7.72) 7219 (736) 1.07
05-2 66.49 (6.78) 7994 (815) 0.90
09-4 64.73 (6.60) 8135 (829) 0.66
010-2 . 70.88 (7.23) 8662 (883) 0.82
011-1 90.08 (9.18) 8410 (857) 1.75
016-4 77.69 (7.92) 8123 (828) 1.55
017-3 79.87 (8.14) 7998 (815) 1.97
014-4
. _
78.58 (8.01) 7154 (729) 2.12
mean 75.50 (7.70) 8103 (826) 1.36
std. dev.j 7.62 (0.78) 439 ( 45) 0.53
1
Table 4,2. - Human tsst specimens.
Rate of Strain - 0 .009 mm.
mm.min.
Specimen
Number
Ultimate
Tensile
Strength
MN/m2 (k9f/mm2)
Modulus
of
Elasticity
(kgf/mm2)
Percentage
Elongation
%
01-1 67.87 (6.92) 5542 (565) 0.79
02-1 74.83 (7.63) 7914 (807) 1.00
03-4 79.45 (8.10) 7552 (869) 1.10
06-2 71.15 (7.25) 8268 (843) 0.83
07-4 80.01 (8.16) 7832 (798) 0.62
08-1 78.23 (7.98) 11328 (1155) 0.70
012-2 92.80 (9.46) 5848 (596) 2.05
023-4 98.10 (10.00) 11090 (1131) 1.49
mean 80.34 (8.19) 8293 (845) 1.07
std. dev. 9.66 (0.99) 1968 (201) 0.45
Table 4.3. - Human test specimens
Rate of Strain 0.083 mm.
mm.min.
Specimen
Number
Ultimate
Tensile
Strength
nN/^2 (kgf/^^2)
Modulus
of
Elasticity 
MN/m2 (kgf/
mmr.
Percentage
Elongation
%
013-3 85.22 ( 8.69) 7971 ( 813) 3.32
015-2 81.29 ( 8.27) 7352 ( 749) 1.76
018-1 102.61 (10.46) 9735 ( 992) 2.12
019-1 87.16 ( 8.89 8174 ( 833) 2.04
020-3 102.64 (10.46) 11489 (1171) 1.16
021-2 104.15 (10.62) 9810 (1000) 1.65
022-1 91.49 ( 9.33) 8713 ( 888) 1.47
mean 93.51 ( 9.53) 9035 ( 921) 1.93
std. dev. 8.80 ( 0.90) 1306 ( 133) 0.64
Table 4.4. - Human test specimens.
MECHANICAL PROPERTIES
ULTIMATE
TENSILE 
STRENGTH
MODULUS
OF
ELASTKXTY
PERCENTAGE
ELONGATION
7o
LU
Z
>
o
00
o
Ô
mean 111.34 (11.35) 16100 (1641)
stddev 12.16 (1.24) 2653 (270)
0.61
0.21
C
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i
<
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(7)
LU 
Î—  
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mean 75.50 (7.70) 8103 (826)
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O
Ô stddev 7.62 (0.78) 439 ( 45)
mean 80.34 (8.19) 8293 (945)
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93.51 (9.53) 9035 (921)
std. dev 8.80 (0.90) 1306 (133)
Table 4.5. - Mechanical properties of
Human and Bovine test specimens 
tabulated in a condensed form.
1.36
0.53
1.07
0.45
1.93
0.64
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PART B - HISTOLOGICAL ANALYSIS
4.6. Introduction.
It is not unreasonable to suggest that the propagation of 
a fracture along some preferred path in the gauge length of a 
specimen is a function of the structural components that form 
.that path. That is to say, the tensile strength is more probably 
related to the structure at the actual site of fracture rather 
than to the structure remote from it.
This is not necessarily the case with regard to the elastic 
modulus which, by definition, is a function of the whole of the 
gauge length. On this basis it is more probables that the modulus 
is related more significantly to a measure of an average 
representation of the histological structure that forms the gauge 
length, rather than the structure at a specific cross section.
In the case of the percentage elongation the argument is 
not so simple since plastic deformation is not restricted to the 
actual site of fracture but rather to its locality.
With these considerations in mind it was decided to analyse 
the structure at the actual site of fracture together with several 
transverse planes randomly selected along the gauge length. The 
arithmetic average of the quantitative data obtained from the 
analysis of each of the randomly selected sections was taken to 
be a measure of the 'average' histological parameters in the 
specimen and subsequently referred to by that name.
Correspondingly the 'fracture' parameters relate to the structure 
of the section taken at the site of the fracture itself.
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The arguments which led to the decision regarding the 
technique employed to generate quantitative data on the 
histological structure oF the test pieces demanded consideration 
of two main points.
(a) which method would yield the greatest quantity of 
information from any one section concerning its 
structural components.
(b) which technique, both from the point of view of
technical knowledge and availability of equipment, 
was most feasible.
Whichever method was finally adopted, a basic requirement 
was that a true, enlargeable reproduction depicting details of 
the structural features at a desired cross-section within the 
specimen could be made. Essentially there were two alternatives 
that resulted in such a reproduction - histological staining and 
microradiography.
4.6.1. Histological staining.
Briefly, the method entails the cutting of a thin section 
(approximately 5 ^ ) ,  which is stained to highlight specific 
components, e.g. collagen. A photographic enlargement may be
made of the stained section from which the structural analysis is
possible.
Cortical bone is one of the hardest materials in the body 
and can only be sectioned in its natural state with great difficulty 
Sectioning is usually preceded by décalcification in order to 
render the material soft. However, in the decalcified state, the 
distinction between certain structural features, e.g. Haversian
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systems/non-Haversian systems, is not particularly clear and this 
was considered to be a great disadvantage since it was on the 
clarity of these boundaries that the analysis was to achieve its 
accuracy.
This, coupled with the lack of skill and experience 
required to produce sections of a consistently high quality, 
resulted in the rejection of this technique.
4.6.2. Microradiography.
This method is similar to the previous one in that the 
starting point is the cutting of a thin section, the structure of 
which is to be examined. Unlike the staining technique however, 
distinct reproductions can be obtained with sections up to 200  ^
thick. In general however, the thinner the section the better 
the resolution on the subsequent microradiograph, with quite 
acceptable results being obtained from sections 1 0 0 U thick.
Variations in mineral density across the section affects 
the absorption of X-rays and results in a corresponding variation 
in optical density on a photographic plate held in close contact 
with the surface of the bone section. The distinction of the 
interfaces segregating the various histological features is thus 
emphasised by the optical contrast caused by the mineral 
distribution.
The developed and enlarged microradiograph then forms the 
basis of the structural analysis.
This method has the advantage that the sections are 
relatively simple to produce (see section 4.0.1.), and the only 
equipment required, in addition to the X-ray source already
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available, was a simple camera in which to mount the section and 
photographic plate for irradiation.
Although this method was selected for the foregoing 
reasons, a further major advantage afforded by the technique was 
that, given a suitable reference standard for bone mineral, the 
quantitative assessment of the mineral distribution in the section 
from the microradiograph becomes a distinct possibility. The 
development of this extension is discussed in greater detail in 
Appendix II.
4.7. The X-ray camera.
A requirement of the camera was that it should be capable 
of maintaining the bone section and photographic plate in intimate 
contact without permitting any relative movement between the two 
whilst simultaneously presenting an unimpeded path between the 
X-ray source and the surface area of the whole section.
For safety reasons, the camera must completely contain the 
X-ray beam and permit, under no circumstances, the escape of stray 
radiation.
In principle, the design of the camera is similar to that 
used by Freeborn (1964) who, working on the density of graphite, 
obtained satisfactory microradiographs with a similar X-ray tube. 
The general assembly of the camera, mounted on a Phillips tube 
with a copper target, is shown in plan view in Fig. 4.4.
Detailed drawings of the component parts are shown in Figs. 4.5. 
and 4.6. The body of the camera had a cylindrical hole bored 
along its axis which permitted the passage of X-rays to the 
specimen which was mounted, on the specimen support, sandwiched
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between a window of ladio-transparent *Mylar*.sheet and the 
photographic plate. Like the rest of the camera, the base of the 
specimen support was constructed of brass, whilst the support 
surface, see Fig. 4.6., was of lead sheet bonded to a perspex 
backing.
The 6mm. diameter hole in the lead sheet represented the 
aperture and constituted the frame size of the camera. The Mylar 
sheet was secured to the lead by adhesive, and firm contact 
between specimen and photographic plate was maintained by the 
foam rubber packing between the plate and the camera lid.
It will be noticed from the general assembly that the 
camera body was tilted at an angle of 6 to the axis of the tube. 
This angle of tilt is specified by the tube manufacturers for 
its efficient operation and was of no specific relevance to the 
proposed application.
It was not found necessary to provide a separate shutter 
located in the camera body to exclude light from the photographic 
plate as the technique employed to load and transport the camera 
reduced the light ingression to such a level that its effect on 
the emulsion was not detectable, see section 4.8.2.
4.7.1. The rotary modification.
For reasons concerning the work on mineral distribution it 
was found necessary to modify the camera to enable that part of 
the body containing the specimen and photographic plate to be 
revolved at constant speed throughout irradiation. The rotary 
mode of operation was only used in the mineral distribution work 
and a more complete description appears in Appendix II.
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4.8. Preparation of the sections and microradiograohs.
4.8.1. Cutting the 'Fracture' and 'Average' sections.
Following fracture, the specimens were air dried for 
several days and then rejoined by spreading 'Eastman 91H' adhesive 
over the fracture surfaces and carefully pressing the two pieces 
together. The heads ano shoulders were then removed leaving 
only that part of the gauge length with the reduced diameter which 
was then glued to the surface of a perspex block in readiness for 
sectioning, see Fig. 4.7.
The operation was carried out on a Macrotome II sawing 
machine, manufactured by Metals Research Limited, Cambridge, and 
equipped with a diamond-edged blade. Figs. 4.7. and 4.8. show 
the relevant details of the machine.
The workpiece (specimen and perspex block), was mounted on 
a universally adjustable worktable situated at one end of an arm 
pivoted about its approximate mid-point. A sliding counterweight 
on the other side of the fulcrum provided the means of maintaining 
pressure between the blade and the work. The pivot was 
hydraulically damped which gave the workpiece freedom to move 
away from the blade should any irregularity in its periphery be 
encountered.
The manufacturers' claim, that the non-positive feed 
coupled with the 'backing-off feature enabled thin slices of very 
brittle materials to be cut, was certainly justified in the case 
of bone since no difficulty was experienced in cutting sections 
100^ thick.
Although the fracture did not propagate along a distinct
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Saublade
Tanuax
Bone
Perspex
block
Worktable
Fig.4.7. The bone section embedded in Tanwax and 
mounted on the worktable ready for sectioning with 
thiG diamond edged blade.
Fig.4.0. The universally adjustable worktables of the 
Macrotome II shown clamped beneath the diamond edged 
blade. The sliding counterweight is situated on the other 
side of the hydraulically damped fulcrum.
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plane it was usually possible to define a plane about which the 
deviation of the actual fracture was a minimum. The assessment 
of the position of this plane was made visually by examining the 
line of the junction between the joined portions of the gauge 
length.
The worktable with the bone in situ, was then adjusted to 
bring this imaginary plane parallel to the plane of the blade.
The blade was positioned slightly to one side of this imaginary 
plane and, prior to the cut being taken, a low melting point 
embedding wax (Tanwax) was poured over the area to give support 
to the bone and blade during cutting, see Fig. 4.7. Following 
the initial cut, the blade was traversed, and a second, parallel 
cut was made to produce a section approximately lOOU thick.
A combination of a relatively low blade speed of 
approximately 30m./min, together with a very light cutting 
pressure produced sections of an exceptionally uniform thickness 
coupled with a good surface finish. High blade speeds, and in 
particular, high cutting pressures, tended to cause the blade to 
wander, producing sections of an inconsistent thickness.
Distilled water, buffered to pH 7.2 - 7.4 was used as a 
lubricant during all sawing operations.
Although the procedure for orientating the specimen 
relative to the blade may seem rather arbitrary, the large amount: 
of adhesive apparent in the subsequent microradiographs was taken 
as ah indication of the validity of the method in providing the 
means of obtaining a true representation of the histological 
structure at the actual site of fracture.
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To obtain the transverse sections that were used to assess 
the average histological structure, the redundant Tanwax was 
removed and the worktable and bone re-orientaked, with the aid of 
a dial indicator, to bring the axis of the bone parallel with 
that of the blade spindle. All subsequent sections were thus 
truly transverse. After again embedding in wax, four sections 
were cut at random positions from the bovine specimens and three 
from the relatively shorter test pieces of human bone.
After cutting, all sections wore washed in buffered 
distilled water and left to air dry before the next stage in the 
process.
4.8.2. The microradioqraphs.
Resolution of histological detail in the sections, coupled 
with the high degree of photographic enlargement required from 
the microradiographs, necessitated the use of an extremely fine 
grained emulsion such as that possessed by Kodak Maximum 
Resolution plates. Tests showed that from microradiographs made 
on these plates osteocyte lacunae could be resolved quite clearly 
and, even at magnifications of over 100 times, grain size was not 
objectionable.
The camera was loaded in a darkroom under safelight 
conditions (Wratten series 1 lighting) by firstly laying the bone 
section on the Mylar window and covering it with a piece of 
photographic plate. After inserting the foam rubber packing and 
securing the lid, the camera was placed in a light tight box for 
transportation to the X-ray tube.
To reduce the risk of exposure of the photographic plate
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to light entering through the hole in the base during the interval 
between its removal From the box and fitting to the tube, the hole 
was kept covered with a pad of dark cloth. This, coupled with the 
light absorbing qualities of the matt-black interior of the camera, 
eliminated any detectable fogging of the negative.
Many combinations of tube voltage, filament current and 
exposure time were tried with the object of producing the best 
quality of negative with respect to the resolution of detail 
consistent with adequate contrast - necessary for the printing of 
a satisfactory enlargement. A tube volLage of 20KV and a 10mA 
filament current gave the best results with an exposure time of 
6^ minutes.
The plates were processed at 20°C in Kodak 0158 developer 
which was recommended where high resolution and minimal grain 
growth was important. Development, lasting for 3 minutes, was 
followed by 30 seconds in Kodak Liquid Stop Bath. Fixing was 
carried out in Kodak Unifix for 2 minutes followed by a thorough 
wash in cold water before finally drying in the dust-free 
atmosphere of a dessicator.
Obviously, before an analysis of the structure could be 
carried out,the microradiographs, essentially an actual size 
replication of the structure, had to be considerably enlarged.
It was not possible to enlarge the microradiographs 
directly by the amount required (approximately 60 times) as the 
necessary equipment was not available. For this reason an 
intermediate enlargement was made whereby the microradiograph 
was reproduced on 35mm film with a magnification of about 8 times;
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this intermediate stage being carried out on a Ziess Photo- 
micrnscope II.
The Final stage consisted of a further magnification of 
about 8 times from the 35mm film on to constant weight photo­
graphic paper, producing a final photographic reproduction of 
the histological structure of the section with a overall 
magnification of approximately 64 times.
The inevitable loss in definition caused by the 
intermediate stage was small and did not prove inconvenient.
The actual magnification of the enlargement was given by 
the ratio of a diameter measured on the microradiograph with the 
aid of a calibrated eye-piece on the microscope, to the same 
diameter on the enlarged photograph.
Typical microradiographs are shown in Fig. 4.9.
4.9. The histological features selected for analysis.
An investigation enquiring into the fundamental reasons 
for the behaviour of a material to certain loading configurations,
where the primary aim is to define certain parameters that are 
partially or completely responsible for its behaviour, demands 
that the maximum amount of quantitative data should be extracted 
from the material.
The defined histological parameters fell into one of two 
categories:-
(a) those measured as areas of the cross-section,
or
(b) those constituting interfaces and measured as
linear quantities.
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(a) Young bovine bone showing the predominance of primary 
tissue in the structure with only two or three 
secondary osteons visible. Note the relatively ordered, 
unbroken nature of the lamellae on the right compared 
to the unordered structure at the centre.
Transverse section. x 20
(b) The contrasting predominance of secondary tissue in 
older bovine bone.
Transverse section, x 20
Fig.4,9. Typical microradiographs of bovine femoral diaphyse: 
The gross optical density gradients are a combination of 
variations in section thickness and non-uniform X-ray beam 
intensity.
Similar microradiographs for human bone are shown on the 
next page.
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(c) Human bone showing a relatively large proportion of 
primary tissue and a low cavity area. Even accounting 
for the higher magnification, the increased size of the 
osteons relative to those in bovine bone (b) is 
immediately apparent.
Transverse section, x 25. 41 year old female.
(d) Section taken from the same femur. Note the relative 
increase in the area of cavities and the rather lower 
quantity of primary tissue.
Transverse section, x 26
Fig.4.9. continued.
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4.9.1. Structural features measurable os areas.
A close examination of a section of cortical bone, 
transverse or otherwise, see Fig.4.9.,shows that histologically, 
it may be segregated into three distinct phases, namely, primary 
bone, secondary bone and cavities or voids whose individual areas 
are measurable as percentages of the whole. It was these groups 
and sub-groups that formed the basis of the histological analysis,
Histologically, circumferential and interstitial lamellae 
are identical and they are only differentiated to emphasise their 
anatomical locations within the whole bone. (See Chapter 2, 
section 2.3.3.1.).
The quantity of circumferential lamellae occurring in a 
particular section was considerably reduced by the constraint 
imposed on the gauge length by the geometry of the test specimen 
which restricted it to the approximate mid-position of the 
cortex. This, coupled with the extreme difficulty in different­
iating between the circumferential and interstitial tissues, 
resulted in them being grouped under the same collective heading 
of primary bone.
In the case of bovine bone sections which contained large 
percentages of primary bone, a division was possible in that 
'ordered' and 'unordered' areas of the tissue were definable, 
see Fig. 4.9.(a).
Secondary bone was sub-divided into complete osteons and 
incomplete or partial osteons, i.e. those osteons that had been 
the subject of partial erosion in the remodelling process.
Included in the group termed 'cavities' were the voids 
resulting from the remodelling process, i.e. formation and
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resorption cavities, together with the matured formation cavities 
- Havorsian canals. In isolated cases the sections included 
transversely running Volkmann canals and the elongated voids of 
obliquely orientated osteons, and in such cases these too were 
included in this group. Notable omissions from this group wore 
the osteocyte lacunae and the canaliculi, both of which obviously 
contribute to the general porosity of.bone tissue. It was clearly 
impossible to measure their contribution from the microradiographs 
and Chapter 9 is concerned with the apparatus that was specially 
built with the object of estimating the overall porosity of the 
test pieces.
As mentioned in Chapter 3, the tests carried out on bovine 
bone were largely of an exploratory nature and at that time the 
small quantities of cavities generally observed in the tissue, 
coupled with the lack of the realisation of their significance, 
(suggested later by the correlation results) resulted in the 
exclusion of the cavities as an independent group. They were 
thus included in whichever phase they happened to lie, i.e. 
primary bone, complete or partial osteons.
4.9.2. Structural features measurable as lengths.
The interfacial cementing lines separating complete 
osteons, partial osteons and primary bone from one another 
constitute this type of feature and were grouped according to 
the structural components of which they formed the mutual 
boundaries.
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These can be classified as follows:-
(a) The lengths of the cementing lines forming the 
peripheries of complete osteons.
(b) Those separating complete from partial osteons.
(c) Those separating complete osteons from primary 
bone.
(d) Those dividing partial osteons from other oartial 
osteons.
(e) Those separating partial osteons from primary 
bone.
The majority of bovine specimens had a predominance of 
primary bone in their structure and, in most cases, a 
virtual absence of cementing lines separating partial 
osteons from one another was noted. For this reason 
the partial osteon/partial osteon interface length was 
not recorded in the bovine analysis.
Combinations of those sub-groups gave parameters, such as 
the total secondary bone/primary bone interface length, that were 
felt to be significant enough for inclusion in the correlation 
testing.
The average osteon circumference in the section was 
determined by the ratio of the total osteon circumference to the 
number of complete osteons.
The peripheries of the turnover cavities could not be 
measured with any degree of accuracy; resorption cavities in 
particular having very ragged boundaries and Haversian canals
105
being simply too small.
It was thought that the surface topography of the gauge 
length might be of significance, particularly in limiting the 
tensile strength and determining the point of fracture. For 
this reason, in the case of human test specimens only, fractions 
of the lengths of the total section circumference comprised of 
primary bone, secondary bone and cavities, were measured and 
expressed as percentages of the total circumference.
For completeness, the histological features that were 
quantified and discussed in detail in the preceding sections are 
listed, in a condensed form, beneath Fig. 4.10.
4.10. The photometric analysis.
The various cementing line lengths were measured from the 
enlarged microradiographs using a conventional map-measure, 
whereby the number of revolutions of a wheel following the path 
being measured, are continuously counted and displayed.
Although this method of measurement seemed to be open to 
a considerable degree of inaccuracy, generated by the possible 
deviation of the wheel about the true line of the interface, 
checks showed that with great care a repeatability to within 3% 
could be achieved.
The cementing line lengths actually measured in this way
were:-
(a) The total length of the complete osteon peripheries.
(b) Complete osteon/primary bone interface length.
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(c) Partial osteon/primary bone interface length.
(d) Partial osteon/partial ostcon interface length.
From these it was then possible to calculate the other
interface length parameters listed below Fig.4.10.
As already mentioned, in the great majority of bovine 
sections, a near, if not complete absence of partial osteons/partial 
osteons interface lengths was apparent, and it was not until the 
more comprehensive analysis of human bone was the parameter 
quantified as a separate histological component.
Division of these measured and calculated values by the 
magnification of the enlargement gave the numerically correct 
interface lengths. A further division by the section diameter 
reduced the parameters to the non-dimensional form of mm. of 
interface length per mm. of specimen diameter.
The areas of structural detail were measured photometrically. 
Each phase, e.g. primary bone, was, in turn,carefully cut out of 
the print with a scalpel and weighed to an accuracy of 10 ^^irams 
on a Mettler balance. The addition of the weights of the 
individual phases gave the total weight of the whole and, based 
upon this figure, the percentages occupied by the separate phases 
were calculated.
In ail about 120 microradiographs were analysed in this 
manner except, as already mentioned, bovine specimens with respect 
to the circumferential structural composition, the partial osteon/ 
partial osteon interface length and the area of cavities.
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%Fig.4,10. Transverse section of human cortical bone 
showing the histological parameters which describe 
completely the structure of cortical bone at the level 
of the osteon.
[‘iicroradicgraph. x 50
Areas :-
1. Primary bone (examples of ordered and unordered 
primary tissue are shown in Fig.4.9.(a),)
2. Complete osteons
3. Partial osteons
4. Cavities (not measured in bovine bone)
Area combinations:-
a. Total primary bone (only in the case of bovine bone and
then given by ordereo + unordered)
b. Total secondary bone (2+3)
Interface lengths separating:-
5. Complete osteons/surrounding bone 
5. Complete osteons/partial osteons
7. Complete osteons/primary bone
8. Partial osteons/partial osteons (not measured in
bovine bone)
9. Partial osteons/primary bone
Interface combinations;-
c . Total (secondary bone/primary bone) interface length (7+9)
d. Total interface length (5+8+9)
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4.11. Results.
The results of the histological analysis are listed for 
bovine and human test specimens in Tables 4.6. - 4.13. The 
'fracture* and 'average' parameters appear separately under their 
respective strain rates. Table 4.14. covers the results of the 
circumferential structural analysis of the human test pieces.
It should be noted that the number of test pieces of human 
bone subject to histological analysis was restricted to six for 
each strain rate. The selection was quite random and was only 
necessary because of the considerable time involved per specimen 
in analysing both 'fracture' and 'average' sections.
By including in each group test specimens extracted from 
more than one femur, it was hoped that structural differences 
between the individual bones would be spread over the three strain 
rates and enable the statement to be made that the specimens were, 
histologically, drawn from the same population. Almost inevitably 
however, with the collection of so much structural detail, some 
significant differences with respect to the structural composition 
between the three groups were bound to occur. These differences, 
although unfortunate, were not thought to be of specific importance 
because they involved only the odd histological feature, and then 
usually with respect to specimens of only two groups and not all 
three. It is however, perhaps worth noting that the exception to 
this involves the mean area of cavities of the specimens tested 
at the highest rate of strain. This was found to be significantly 
lower at the 1^ and 2^ levels, than the corresponding means of 
the groups tested at the middle and lowest strain rates 
respectively.
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Histological
Parameters
Specimen Number
40—4 41-7 42-1 43-4 44-1 45-2
% Area Complete 
Osteons
13.03 4.49 0.33 12.11 5.13 -
% Area Partial 
Osteons
70.33 0.66 0.13 56.21 0.16 —
% Area Secondary
Bone
83.36 5.15 0.46 68.32 5.29 -
% Area Primary 
Bone (ordered)
0.00 29.65 28.40 0.00 44.43 -
% Area Primary 
Bone (unordered)
16.64 65.20 71.14 31.68 50.28 —
% Area Primary 
Bone - Total
16.64 94.85 99.55 31.68 94.71
Total Osteon 
Circumference
8.58 3.23 0.36 12.92 3.54 —
Average Osteon 
Circumference (mm)
0.497 0.493 0.225 0.462 0.569 -
Partial Osteon - 
Primary Bone 
Interface
9.72 0.37 0.07 - 0.12 —
Complete Osteon - 
Primary Bone 
Interface
5.66 3.23 0.36 — 3.54 -
Complete Osteon - 
Partial Osteon 
Interface
2.92 0.00 0.00 — 0.00 —
Total Secondary Bone - 
Primary Bone 
Interface
15.38 3.60 0.43 — 3.65 -
Total Interface 18.30 3.60
1
0.43 — 3.65 , —
Rate of Straining - 0.011 mm.
mm.min.
Fracture Parameters
.ameter
Table 4.6. Histological components - photometric analysis of bovine test 
specimens. Obliteration of structural detail by adhesive 
prevented partial and complete analysis of specimens 43 and 
45 respectively.
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Histological
Parameters
Specimen Number
46-6 47-7 48-8
% Area Complete 
Osteons 4.50
5.89 3.07
% Area Partial 
Osteons
3.16 0.88 0.00
% Area Secondary 
Bone
7.66 6.77 3.07
% Area Primary 
Bone (ordered)
74.17 0.00 71.75
% Area Primary
Bone (unordered)
18.17 93.23 25.18
% Area Primary 
Bone - Total
92.34 93.23 96.93
Total Osteon
Circumference
3.36 3.80 1.92
Average Osteon 
Circumference (mm)
0.448 0.545 0.557
Partial Osteon - 
Primary Bone 
Interface
2.01 0.50 0.00
Complete Osteon -
Primary Bone 
Interface
3.36 3.78 1.92
Complete Osteon _ 
Partial Osteon 
Interface
0.00 0.01 0.00
Total Secondary Bone - 
Primary Bone 
Interface
5.36 4.28 1.92
Total Interface 5.37 4.29 1.92
Table 4,6. Continued.
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Histological
Parameters
Specimen Number
40-4 41-7 42-1 43-4 44-1 45-2
% Area Complete
Osteons
11.23 5.33 0.50 15.40 6.13 4.65
% Area Partial
Osteons
69.39 1.02 0.13 49.25 1.78 1.04
% Area Secondary 
Bone 80.62 6.36 0.63 64.65 7.91 5.69
% Area Primary 
Bone (ordered)
0.00 16.82 39.69 0.00 78.84 37.35
% Area Primary 
Bone (unordered)
19.38 76.82 59.69 35.35 13.25 56.97
% Area Primary 
Bone - Total
19.38 93.64 99.38 35.35 92.09 94.32
Total Osteon 
Circumference
6.96 3.92 0.41 11.35 4.16 3,55
Average Osteon 
Circumference (mm)
0.487 0.485 0.399 0.434 0.566 0.511
Partial Osteon - 
Primary Bone 
Interface
13.59 0.55 0.10 17.79 1.02 0.71
Complete Osteon - 
Primary Bone 
Interface
2.87 3.92 0.41 7.00 4.12 3.48
Complete Osteon - 
Partial Osteon 
Interface
4.09 0.00 0.00 3.30 0.04 0.02
Total Secondary Bone - 
Primary Bone 
Interface
16.46 4.47 0.52 24.79 5.14 4.19
Total Interface 20.56 4.47 0.52 28.09 5.18 4.21
Units of Interface lengths - mm/mm of section diameter.
Rate of Straining - 0.011 mm.
mm.min.
Average Parameters 
Table 4.7.
Histological components - photometric analysis of bovine test specimens
f
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Histological
Parameters
Specimen Number
46-6 47-7 48-8
% Area Complete 
Osteons 6.71 5.66 2.40
% Area Partial 
Osteons »
1.72 2.07 0.36
% Area Secondary 
Bone
8.43 7.73 2.76
% Area Primary 
Bone (ordered)
59.94 45.16 62.42
% Area Primary 
Bone (unordered)
31.63 47.11 34.81
% Area Primary
Bone - Total 91.57 92.27 97.23
Total Osteon 
Circumference
4.96 3.92 1.85
Average Osteon 
Circumference (mm)
0.463 0.494 0.488
Partial Osteon - 
Primary Bone 
Interface
1.02 1.27 0.27
Complete Osteon - 
Primary Bone 
Interface
4.88 3.91 1.85
Complete Osteon - 
Partial Osteon 
Interface
0.09 0.01 0.00
Total Secondary Bone - 
Primary Bone 
Interface
5.90 5.19 2.11
Total Interface 5.98 5.20 2.11
Table 4,7, Continued.
Histological 
Parameters.
Specimen Number
04-3 05-2 09-4 010-2 011-1 017-3
% Area Complete 
Osteons
14.25 14.46 13.81 14.94 12.77 13.58
% Area Partial 
Osteons
58.72 57.93 59.59 50.48 68.55 71.50
% Area Secondary 
Bone
72.96 72.39 73.39 65.41 81.32 85.08
% Area Primary
Bone
15.64 14.80 16.60 28.24 12.68 8.21
% Area Cavities 11.40 12.81 10.01 6.35 6.00 6.71
Total Osteon 
Circumference
5.43 6.27 4.39 6.32 4.92 5.16
Average osteon 
Circumference (mm)
0.963 0.799 0.858 0.793 0.775 0.764
Partial Osteon - 
Primary Bone 
Interface
6.99 8.43 5.44 2.68 7.12 5.25
Partial Osteon - 
Partial Osteon 
Interface
2.23 5.95 0.86 1.34 5.37 10.11
Complete Osteon - 
Primary Bone 
Interface
2.36 2.75 2.41 4.49 2.03 1.34
Complete Osteon -
Partial Osteon 
Interface
3.07 3.53 1.98 1.83 2.89 3.83
Total Secondary Bone- 
Primary Bone 
Interface
9.34 11.18 7.86 7.18 9.15 17.41
Total Interface 14.65 20.66 10.68 10.34 17.41 20.53
Units of Interface lengths - mm./mm. of section diameter. 
Rate of Straining : 0.001mm.
mm.min.
Fracture Parameters.
Table 4.8
Histological components - photometric analysis of human test specimens.
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Histological
Parameters
Specimen Number
04-3 05-2 09-4 010-2 111-1 017-3
% Area Complete 
Osteons
22.54 18.64 14.88 20.76 13.09 18.04
% Area Partial 
Osteons
52.95 59.58 57.96 60.48 66.98 69.64
% Area Secondary
Bone
75.47 78.22 72.84 81.16 80.07 87.68
% Area Primary
Bone
16.05 11.07 17.39 13.33 14.71 6.86
% Area Cavities 8.46 10.71 9.77 5.51 5.22 5.46
Total Osteon 
Circumference
8.85 6.02 4.41 7.02 4.76 6.89
Average Osteon 
Circumference (mm)
0.793 0.676 1.030 0.734 0.758 0.730
Partial Osteon -
Primary Bone 
Interface
8.32 7.94 8.06 6.08 8.56 4.85
Partial Osteon - 
Partial Osteon 
Interface
5.65 8.49 2.91 3.96 5.02 10.54
Complete Osteon - 
Primary Bone 
Interface
3.35 1.85 2.47 2.45 1.80 0.87
Complete Osteon - 
Partial Osteon 
. Interface
5.49 4.17 1.95 4.57 2.96 6.02
Total Secondary Bone-
Primary Bone 
Interface
11.68 9.79 10.52 8.53 10.35 5.72
Total Interface 22.82 22.45 15.38 17.06 18.34 22.27
Units of Interface lengths - mm./mm.of section diameter.
Rate of Straining : 0.001 m m .
mm.min.
Average Parameters
Table 4.9
Histological components — photometric analysis of human test specimens
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Histological
Parameters
Specimen Number
01-1 02-1 03-4 06-2 07-4 012-2
% Area Complete 
Osteons
12.32 18.36 20.49 20.67 23.88 13.04
% Area Partial 
Osteons
55.04 56.53 61.67 48.87 60.09 75.35
% Area Secondary 
Bone
67.36 74.87 82.16 69.54 83.79 88.39
% Area Primary 
Bone
16.94 14.80 10.65 19.71 10.78 6.05
% Area Cavities 15,70 10.34 7.19 10.75 5.25 5.56
Total Osteon 
Circumference
5.38 7.55 7.43 6.59 8.75 3.82
Average osteon 
Circumference (mm)
0.781 0.723 0.807 0.872 0.759 0.888
Partial Osteon - 
Primary Bone 
Interface
9.02 6.69 6.62 6.53 5.85 4.31
Partial Osteon -
Partial Osteon 
Interface
6.12 5.19 8.25 5.50 6.76 9.56
Complete Osteon -
Primary Bone 
Interface
2.10 1.47 1.49 2.78 2.40 0.80
Complete Osteon - 
Partial Osteon 
Interface
3.30 6.08 5.95 3.82 6.34 3.04
Total Secondary Bone-
Primary Bone 
Interface
11.11 8.16 8.10 9.31 8.25 5.11
Total Interface 20.53 19.43 22.30 18.63 21.35 17.70
Units of Interface lengths - mm./mm.of section diameter.
Rate of Straining : 0.009 mm.
mm.min»
Fracture Parameters
Histological components
Table 4.10
photometric analysis of human test specimens
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Histological
Parameters
Specimen Number
01-1 02-1 03-4 06-2 07-4 012-2
% Area Complete 
Osteons
16.09 22.11 19.29 27.72 25.13 16.84
% Area Partial 
Osteons
55.53 57.08 62.41 43.99 55.38 72.57
% Area Secondary 
Bone
71.61 79.18 81.71 71.71 84.50 89.41
% Area Primary 
Bone
12.08 11.13 10.63 20.16 9.34 4.81
% Area Cavities 16.30 9.69 7.66 8.13 6.16 5.78
Total Osteon 
Circumference
7.03 8.81 7.67 8.89 8.79 5.70
Average osteon
Circumference (mm)
0.769 0.781 0.738 0.876 0.817 0.856
Partial Osteon - 
Primary Bone 
Interface
7.66 6.97 6.72 7.35 4.82 3.94
Partial Osteon - 
Partial Osteon 
_ Interface
7.84 6.57 9.22 3.86 7.35 10.40
Complete Osteon - 
Primary Bone 
Interface
1.90 2.02 1.45 3.86 2.53 0.55
Complete Osteon - 
Partial Osteon 
Interface
5.13 6.79 6.23 5.02 6.26 3.98
Total Secondary Bone- 
Primary Bone 
Interface
9.55 8.98 8.18 11.21 7.35 5.67
Total Interface 22.53 22.35 23.63 19.53 20.96 20.04
Units of Interface lengths - mm./mm. of section diameter.
Rate of Straining : 0.009 mm.
mm.min.
Average Parameters 
Table 4.11
Histological components - photometric analysis of human test specimens,
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Histological
Parameters
Specimen Number
013-3 015-2 019-1 020-3 021-2 022-1
% Area Complete 
Osteons
14.20 17.93 9.37 19.82 13.07 13.09
% Area Partial 
Osteons
64.12 73.87 77.89 58.77 65.96 71.34
% Area Secondary
Bone
78.32 91.79 87.26 78.59 79.03 84.43
% Area Primary
Bone
16.41 1.92 2.58 17.16 16.69 9.58
% Area Cavities 5.27 6.29 10.16 4.25 4.28 5.99
Total Osteon 
Circumference
4.95 6.38 2.99 6.01 5.02 5.86
Average osteon 
Circumference (mm)
0.621 0.825 0.546 0.888 0.663 0.655
Partial Osteon - 
Primary Bone 
Interface
4.04 1.08 1.20 4.87 4.74 6.67
Partial Osteon -
Partial Osteon 
1 Interface
7.73 10.82 9.61 6.61 6.72 8.93
Complete Osteon -
Primary Bone 
Interface
2.05 0.14 0.13 1.76 1.72 1.58
Complete Osteon - 
Partial Osteon 
Interface
2.91 6.24 2.86 4.25 3.30 4.28
Total Secondary Bone- 
Primary Bone 
Interface
6.08 1.22 1.33 6.62 6.47 8.25
Total Interface 16.72 18.27 13.80 17.46 16.48 21.46
Units of Interface lengths - mm./mm. of section diameter.
Rate of Straining : 0.083 m m .
mm.min.
Fracture Parameters
Histological components -
Table 4.12
photometric analysis of human test specimens
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Histological
Parameters
Specimen Number
013-3 015-2 019-1 020-3 021-2 022-1
% Area Complete 
Osteons
15.22 16.78 14.91 16.55 23.62 22.22
% Area Partial 
Osteons
58.42 73.17 69.33 62.08 57.28 65.01
% Area Secondary
Bone
73.64 89.95 84.24 78.63 80.90 87.23
% Area Primary 
Bone
21.94 4.24 6.47 18.02 15.53 5.84
% Area Cavities 4.43 5.80 9.29 3.35 3.57 6.93
Total Osteon 
Circumference
5.68 6.58 5.99 5.40 8.81 9.46
Average osteon 
Circumference (mm)
0.736 0.785 0.768 0.870 0.727 0.704
Partial Osteon - 
Primary Bone 
Interface
7.51 2.44 4.36 4.33 6.84 4.99
Partial Osteon - 
Partial Osteon 
Interface
5.76 11.76 9.99 8.67 6.13 9.82
Complete Osteon - 
Primary Bone 
Interface
2.05 0.46 8.53 1.24 2.67 1.33
Complete Osteon - 
Partial Osteon 
___Interface... .........
3.64 6.12 5.10 4.16 6.14 8.13
Total Secondary Bone- 
Primary Bone 
Interface
9.56 2.90 5.21 5.57 9.51 6.32
Total Interface 18.95 20.78 20.29
—
18.39 21.78 24.27
Units of Interface lengths - mm./mm. of section diameter.
Rate of Straining : 0.083 mm .
mm.min.
Average Parameters
Table 4.13
Histological components - photometric analysis of human test specimens
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Specimen
Number
Primary
Bone
%
Secondary
Bone
%
Cavities
Average Fracture Average Fracture Average Fracture
04-3 20.9 26.1 73.6 53.0 5.5 20.9
05-2 18.8 15.1 72.5 76.0 8.7 8.9
09-4 26.2 14.4 65.4 72.7 8.4 12.9
010-2 19.9 22.5 76.1 72.0 4.0 5.5
011-1 18.6 16.1 76.9 75.1 4.5 8.8
017-3 8.7 4.2 86.5 86.9 4.8 8.9
01-1 19.2 20.4 68.2 62.2 12.6 17.4
02-1 16.3 19.2 74.7 68.2 9.0 12.6
03-4 12.1 21.3 80.1 70.4 7.8 8.3
06-2 26.9 23.8 65.7 68.0 7.4 8.2
07-4 15.7 15.8 78.3 80.6 6.0 3.6
012-2 10.6 10.6 83.6 80.7 5.8 8.7
013-3 23.7 20.1 73.3 75.4 3.0 4.5
015-2 8.3 10.7 85.9 84.6 5.8 4.7
019-1 9.9 2.3 82.7 88.5 7.4 9.2
020-3 22.1 30.8 74.3 62.1 3.6 7.1
021-2 21.1 20.6 1 75.1 72.9 3.8 6.5
022-1 7.7 10.2 1 86.9 75.5
1
5.4 14.3
Table 4.14 The percentages of orimary bone, secondary bone and 
cavities that comorised the circumferences of the 
analysed sections. This analysis was performed on 
test specimens of human tissue.
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CHAPTER 5 
THE STATISTICAL ANALYSIS
5.1. Introduction - least-squares polynomials.
Experimental data usually exhibits a certain amount of 
scatter and a least-squares polynomial can be fitted to these 
points so that a 'best-fit* smooth curve is obtained. It can be 
shown that there exists a unique curve whose sum of the squares 
of the differences between the data points and the fitted curve 
is a minimum. This curve gives the 'best-fit' to the data and 
the numerical value of the minimum is called the 'best-fit 
parameter'.
A computer programme was developed that fitted to a set 
of data least-squares polynomials from degree 1 to m-2, 'm' being 
the number of data pairs. The programme, shown in Appendix I and 
run on an ICL 1095E machine, not only calculated the coefficients 
of each polynomial but also computed the best-fit parameter 
together with the corresponding correlation coefficient.
The degree of the polynomial which gave the best fit to 
the data was indicated by a true minimum in the magnitude of its 
best-fit parameter - a measure of the goodness of this fit being 
shown by the correlation coefficient.
5.2. Observations concerning previous investigations.
In the published literature involving the statistical 
analysis of the mechanical properties/structural components
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relationships, no cases of regression curves of degree higher 
than unity, i.e. linear, were found. This implies that either 
the best fits were always linear, a rather unlikely situation 
particularly in view of the results of the present work, or that 
no attempts to fit higher degree regression curves were made. 
Observations or conclusions based upon such curves could be 
erroneous. As a simple example of this consider the correlation 
between the areas of circles and their corresponding diameters. 
The correlation coefficient is obviously unity when based on a 
2nd degree polynomial, but is clearly less than unity when based 
on a 1st or even 3rd degree expression.
The design of the programme used in this work had obvious 
advantages in that it produced polynomials of higher degrees than 
the 1st. As a check, using the above example, the best-fit 
parameter demonstrated a true minimum in conjunction with a 2nd 
degree polynomial and a corresponding correlation coefficient of 
unity.
5.3. Application to the present work.
The mechanical testing described in Chapter 4, yielded 
quantitative data concerning the tensile strength, elastic modulus 
and percentage elongation of both bovine and human cortical bone. 
The histological analysis of those test specimens defined, and
measured, certain parameters that described completely the
structure of the tissue at the level of the investigation, i.e.
the level of the osteon.
Taking the histological components as the independent 
variables, series of regression curves were computed for all
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combinations of mechanical properties with histological components
From each series of polynomials the curve whose best-fit 
parameter was a true minimum in the series was selected, (as 
already explained) as being the optium fit to the data.
The data of any particular combination was considered to 
be significantly correlated if the correlation coefficient for 
the polynomial exceeded the 5% level of significance, (section 5.4, 
deals with this point in greater detail).
In cases where the best-fit parameters did not exhibit a 
true minimum the data values were considered to be uncorrelated, 
unless, on a linear fit, the correlation coefficients showed 
statistical significance. These values were then adopted.
In most instances however, where the best-fit parameters 
did not minimize, the correlation coefficients were found to be 
non-significant.
A simple modification to the programme enabled semi-log 
and log-log regression curves to be fitted to the data. An 
inherent constraint of the polynomial is that the indices of the 
independent variable can only take integer values. The semi-log 
curve obviously removed this constraint. Although these 
logarithmic curves served to broaden the range of the analysis 
they did, without exception, produce a worse fit than the 
polynomials fitted to the actual data values. In this respect 
their contribution was of a completely negative nature and they 
were disregarded in favour of the more suitable polynomials.
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5.4. Statistical significance levels.
As in the majority of biological situations where a 
relatively large soread of experimental data is encountered, 
the 5^ level was taken as the criterion of statistical 
significance. The 2%, 1^ and 0.1% values were used, where 
applicable, to denote increased levels of significance.
5.5. Results of the statistical analysis.
For ease of reference the tables of statistically 
significant correlation coefficients are included in the chapters 
in which they are discussed. Chapter 6 for bovine, and Chapter 7 
for human test specimens respectively. Certain non-significant 
correlation coefficients appear in these tables where reference 
has been made to them in the text,
Measurement of gross porosity was not attempted until the 
statistical analysis of the data on human bone had highlighted 
its possible importance. For completeness however, the 
statistical correlations between the mechanical properties and 
the porosities are included in the tables appearing in Chapter 7.
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CHAPTER 6
BOVINE BON
6.1. Introduction.
In an attempt to present a logical discussion of the results 
each mechanical property is treated in a separate section.
Within each section comments and observations concerning the 
correlation coefficients and statistical curves for individual 
histological components are initially made. A more general 
discussion follows in which the results and their implications 
are examined with particular reference to similarities and 
extensions of investigations carried out by Currey (1959) and 
Evans (1967). On the basis of these comparisons the validity of 
the testing and analytical procedures are assessed. Finally, 
recommendations aimed at improving the scope and quality of the 
subsequent work involving human bone are suggested.
Tables 6.1. and 6.2. respectively, show the ultimate 
tensile strength and the elastic modulus with reference to their 
correlation coefficients for both fracture and average histolog­
ical data. The inclusion of a similar table, but concerned with 
the percentage elongation, was considered to be unnecessary as 
no statistically significant correlations were observed between 
it and the structural components.
As explained in Chapter 5, the correlation coefficients 
correspond to the degree of the polynomial that best-fitted the 
data and the curves appearing in the graphs are plotted, from
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the relevant polynomial, over the histological data range.
6.2. Ultimate Tensile Strength.
6.2.1. Initial observations.
It is apparent From an examination of Table 6.1. that 
several histological components, including both percentage areas 
of tissue and the interface-forming cementing lines, significantly 
correlated with the tensile strength.
The percentage area of primary bone correlated with both 
fracture and average data at respective significance levels of 
2^ and 1%. The statistical curve for the former , shown in 
Fig.6.1., illustrates the accelerating increase in the tensile 
strength resulting from an increase in the area of primary bone.
The total primary bone area was sub-divided, during the 
photometric analysis, into ’ordered’ and ’unordered’ areas, but 
neither of these sub-divisions showed any significant correlation 
with the tensile strength. If this difference in structure is 
relevant, and there is no evidence to suggest that it is, then 
whether it is biological or mechanical in nature is still a 
matter of conjecture. Certainly, it does not directly contribute 
to the U.T.S.
The percentage area of secondary bone, being comprised of 
the total area minus the primary bone area, correlated with 
indentical coefficients and significance levels as those for 
primary bone, although of course they were in the opposite sense 
in that an increase in secondary tissue resulted in a decrease in 
the tensile strength.
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The percentage area of partial osteons showed no significant 
correlation whilst the other sub-division of secondary bone, the 
area of complete osteons, correlated very significantly with both 
fracture and average data. As shown for the fracture data in 
Fig.6.2., an increase in the percentage area of complete osteons 
caused a marked decrease in the tensile strength. This result, 
which was considered to be of fundamental importance, is examined 
at greater length in the next section.
Several of the interfacial cementing lines were significant­
ly correlated with the tensile strength, and one of them, namely 
the partial osteon/primary bone interface, correlated with respect 
to the fracture data only. Figs.6.3. and 6.4.show the curves, 
for the fracture data, of the complete osteon/primary bone inter­
face (linear fit at a significance level of 2^) and the total 
interface length (quadratic fit at 0.1^^ respectively. These 
curves are typical of the generally observed tendency for an 
increase in the quantity of cementing lines to be consistent with 
a reduction in the tensile strength.
6.2.2. Discussion.
A total of eight statistically significant correlations 
were found to exist between the histological and mechanical data 
and one of these occurred with the fracture data only. The 
complete osteon/primary bone interface, the total secondary bone/ 
primary bone interface, and the total interface lengths 
correlated more significantly with the fracture data than they 
did with the average data. Of the remaining four, the primary 
bone area and the complimentary area of secondary bone correlated
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more significantly with respect to their average data than with 
their fracture data. No significant differences were noted 
between the fracture and average correlation coefficients for 
the remaining two. This indicates a distinct tendency for the 
tensile strength to be related more significantly to the micro- 
structure at the actual site of fracture than to the average 
structural composition within the gauge length. Further 
discussion of this point is deferred until a similar observation 
concerning the elastic modulus con be included.
Currey (1959) investigated the relationship between the 
tensile strength of bovine specimens taken from the femoral 
cortex with respect to tho percentage area of secondary bone 
contained in a section located close to the site of fracture.
This section, whilst giving a close approximation to tho micro­
structure at the actual fracture surface, was in fact, situated 
somewhere between the present 'fracture' and 'average' positions. 
The results of his work are particularly relevant because they 
were extracted from specimens very similar in structure to those 
of the present work, in that the majority were predominantly 
composed of primary bone, whilst only a few had a predominance 
of secondary tissue. In both cases the mechanical testing was 
carried out with the test specimens in a wet condition and at 
relative rates of straining that differed by only 30^ (Currey's 
being higher).
Currey estimated the linear regression curve to be of the
form:-
U.T.S. = 113.0 - 0.391 X (/o area of secondary bone)
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The expression was based on a sample size of 50 with an associated 
significance level of better than 0.1^^
The linear regression curve calculated for the correspond­
ing fracture data in the present work (which does not fit the 
data as well as the second degree polynomial listed in Table 6.1.) 
is as follows:-
U.T.S. = 116.2 - 0.274 x (^ area of secondary bone)
the level of significance being 5^ and a sample size of 8.
The very close correspondence between the regression curves 
for the two sets of data indicates that the results of the 
present work, with regard to the area of secondary bone, and 
hence that of primary bone, strongly support the generally 
accepted concept - to which Currey contributed, that an increase 
in the percentage area of primary bone causes an increase in the 
tensile strength.
Currey suggested that the reduction in tensile strength 
may be accounted for partially by the reduced mineral level 
associated with the osteon, Amprino (1952) and Ascenzi (1965), 
and partially by the decrease in the actual amount of solid 
material caused by the presence of Haversian canals.
The results of the present work certainly show a 
significant reduction in the tensile strength, not only with an 
increase in the secondary bone area, but more particularly with 
the percentage area of complete osteons which represents the
area of lowest mineral density. Evans (1967) in work involving
/
embalmed human bone, reported a negative correlation between the
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U.T.S. and the area of complete osteons minus their Haversian 
canals, which suggests the mineral level as being tne relevant 
factor. The observation may not however be applicable to the 
present results as Evans foiled to indicate the strain rate 
employed and, as becomes apparent in Chapter 7, variation of 
this parameter has a significant effect on the relationships 
between the mechanical and histological data.
The area occupied by Haversian canals was not separately 
defined in the bovine histological analysis and was therefore 
included mainly in the area of complete osteons. This defect 
(recognised and incorporated in the subsequent analysis of human 
test specimens) precluded the possibility of assessing the 
importance of the relative roles played by the low mineral density 
and the area of voids in reducing the tensile strength.
It is however quite evident at this stage, that the 
presence of the complete osteons (or factors associated with 
their presence) rather than the partial osteons, is responsible 
for the reduction in tensile strength with increased secondary 
bone area.
.Evans (1966) and (l967) emphasised the natural absence of 
cementing lines in primary tissue and pointed out their possible 
contribution in reducing the tensile strength by constituting 
planes of weakness. The complete lack of bridging collagen fibres 
as described in Chapter 2, is usually considered to be responsible 
for this effect,
Evans' hypothesis gains support from the negative 
correlations observed in the present work between several of the
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cementing line lengths and the tensile strength. Indeed, the 
most significant correlation coefficients occurred between two 
such interface lengths, namely, the total secondary bone/primary 
bone and the total interface. This suggests that the cementing 
lines are particularly influential in limiting the tensile strength,
The relationships between the histological components and 
a particular mechanical property may not be independent of one 
another and recognition must be given to the existance, in some 
cases, of significant correlations between the histological 
parameters themselves. Given this situation, then the separation 
of those components that are truly correlated with the mechanical 
property from those that show only an apparent correlation, by 
virtue of their histological interrelationships, is not always 
possible. In such instances, only tentative observations are 
possible, based largely on the relative significance levels of 
the related correlation coefficients.
In the present situation the histological parameters that 
exhibited a significant relationship with the tensile strength 
are, in all cases, significantly correlated with each other.
On this basis, and accepting that an increase in secondary 
bone area results in a reduction of the tensile strength, then 
the high correlation coefficients possessed by the two interface 
lengths suggests that the presence of the cementing lines may 
constitute the main source of weakness. In addition, such factors 
as the reduced mineral level and/or the area of cavities 
associated with the complete osteon may also play an important 
role in limiting the tensile strength.
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ULTIMATE TENSILE STRENGTH.
Histological Fracture data Avgrage data
Parameters
corr.
coeff.
siq.
level
poly.
degree
corr.
coeff.
sig.
level
poly.
degree
% Area Complete 
Osteons
0.B96 1?^ 2 0.895 1% 2
% Area Partial 
Osteons
— -
% Area Secondary 
Bone
0.819 2% 2 0.819 1% 2
% Area Primary 
Bone (ordered)
- —
% Area Primary 
Bone (unordered)
- —
% Area Primary 
Bone - Total
0.819 2^ 2 0.819 1% 2
Total Complete 
Osteon Circumference
0.896 1^ 2 0.897 1% 2
Average Complete 
Osteon Circumference
- -
Partial Osteon - 
Primary Bone 
Interface
0.847 2
Complete Osteon - 
Primary Bone 
Interface
-0.872 2% 1 -0.742 5% 1
Complete Osteon - 
Partial Osteon 
Interface
— -
Total Secondary Bone- 
Primary Bone 
Interface
.0.955 0.1% 2 ' 0.884 1% 2
Total Interface 0.957 0.1% 2 0.872 1% 2
Table 6.1. Bovine bone correlation coefficients
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6.3. Modulus of Elasticity.
6.3.1 Initial observations.
The modulus of elasticity, as can be seen in Table 6.2., 
showed significant correlations with only three histological 
parameters; all of them with respect to the average data. However, 
the areas of primary and secondary bone are, as explained in 
.section 6.2.1. complimentary to one another and so effectively 
reducing the number of significant correlations to two.
The second degree polynomial displayed in Fig.6.5. 
demonstrates the positive correlation at the 5% level of signifi­
cance that was observed between the modulus and tho percentage 
area of primary bone. An equal, but of course opposite 
correlation occurred with respect to the secondary bone area.
Fig.6.6. shows the relationship between the modulus and 
the partial osteon/primary bone interface length. The second 
degree curve displays an initial reduction in the modulus with 
increasing interface length followed by a reversal of this trend 
towards the upper bounds of the data range.
6.3.2. Discussion.
Unlike the tensile strength, the histological parameters 
that exhibited significant correlations with the elastic modulus 
involved only the average data. This is a clear indication that 
the modulus, as was postulated in Chapter 4, is more closely 
related to a measure of the average structural composition of the 
gauge length rather than to the structure at a specific cross- 
section.
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If the reduced mineral density of secondary hone is 
responsible for its deleterious effect on the modulus then a 
significant correlation with the area of complete osteons would 
be expected since these constitute the area of lowest mineral 
concentration in secondary tissue. No such correlation occurred 
which suggests that the absolute calcium level may not be the 
important factor.
The relationship between the partial osteon/primary bone 
interface and the modulus, shown in Fig.6.6., could be attributable 
to the former's significant interrelationship with the primary and 
secondary bone areas. If it is not, then the cause, or signifi­
cance, of the minimum in the curve is nut understood. This, 
together with the suggested non-importance of the absolute mineral 
density and an absence of other significantly correlating 
histological components indicates that little information regarding 
the elastic modulus has been extracted from this series. It is 
hoped that the subsequent work involving human bone will be more 
enlightening.
Evans (1967) reported a significant, negative correlation 
(l%) between the modulus and the percentage area of cavities, the 
majority of which, as pointed out by Currey, are associated with 
the secondary bone area. In the present investigation the 
relationship between the area of secondary bone and the modulus 
might be attributable to the presence of the voids and thus 
indirectly indicating an agreement with Evans' result. Two factors, 
however, detract from this argument. Firstly, the non-significant 
correlation with the area of complete osteons which are responsible
- 138 -
for the majority of cavities in secondary bone; and secondly, the 
fact that Evans did not observe a similar correlation between the 
modulus and tho secondary bono aroa.
A significant, negative correlation between the modulus
and the average area per osteon was also noted by Evans. This 
parameter was not measured as such in the present work but it's 
equivalent, the average osteon circumference, showed no such 
correlation. ^
In view of the uncertainty of the strain rate employed by 
Evans together with the fact that the reported correlations were 
based on the histological analysis of a single cross-section, it 
would be imprudent to attach too much importance to the differences 
between the respective investigations with regard to the elastic 
modulus.
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MODULUS OF ELASTICITY.
Histological
Parameters
Fracture data Average data
corr.
coeff.
sig.
level
poly.
degree
corr.
coeff
sig.
level
poly.
degree
% Area Complete
Osteons
— -
% Area Partial 
Osteons
— -
% Area Secondary 
Bone
— 0.671 5^ 2
% Area Primary 
Bone (ordered) - -
% Area Primary 
Bone (unordered)
- —
% Area Primary
Bone " Total
- 0.671 5# 2
Total Complete 
Osteon Circumference — -
Average Complete 
Osteon Circumference
- -
Partial Osteon - 
Primary Bone 
Interface
- 0.695 2
Complete Osteon - 
Primary Bone 
Interface
- -
Complete Osteon - 
Partial Osteon 
Interface
- —
Total Secondary Bone
Primary Bone 
Interface
— -
Total Interface — -
Table 6.2. iovine bone correlation coefficient;
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6.4. Elonqaticn.
The absence of significant correlations between the 
histological components and this parameter indicates that the 
plastic deformation might be influenced and controlled by factors 
other than those considered in the structural analysis. The effect 
of collagen orientation was examined by Evans (1969) who detected 
a positive correlation, significant at the 5^ level, between tho 
% elongation and the area of osteons containing collagen fibres 
whose orientations were intermediate between predominately 
longitudinal, i.e. parallel to the axes of the osteons, and 
predominantly tangential, i.e. each circumscribing the axis of 
its osteon. The fact that the correlation did not involve either 
of the extreme categories suggests that fibre orientation might 
only be of secondary importance in influencing the % elongation. 
Additional factors might include the collagen/apatice relationships 
and the distribution of the mineral itself. In addition, the 
apparent non-dependence of the percentage elongation on the 
histological structure may be peculiar to this strain rate and 
the human bono analysis involving a range of strain rates will, 
it is hoped, contribute more satisfactorily to an understanding 
of the factors that control the plastic deformation.
6.5. Concluding remarks and recommendations.
As was suggested in Chapter 4, the tensile strength tends 
to be more closely related to the fracture data, and the elastic 
modulus more dependent upon the data representing the average 
Structure. It is consequently felt that the current observations 
regarding the mechanical/histological relationships are more
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meaningful than those derived from the analysis of a single 
section located close to the fracture surface. This is 
particularly so with respect to the modulus os the above mentioned 
single-section technique, used by both Evans and Currey, tended 
to represent (as were probably tha authors' intent) the structure 
at the actual site of fracture. In consequence the increased 
work involved in cutting and analysing the additional sections 
was considered to be justified.
Significant correlations between the structural components 
and the mechanical properties occurred, in all cases but one, 
with polynomials of the second degree. In many of these instances 
correlations corresponding to first degree curves were non-signif­
icant. Had the computer programme fitted linear regression curves 
only,then several of these relationships would have been rejected 
from the outset. This emphasises tho value of the comprehensive 
nature of the programme which consequently permits greater 
significance to be attached to subsequent observations.
The initial investigation involving bovine bone had two 
main objectives. Firstly, to check the validity of the testing 
techniques, and secondly, to suggest improvements suitable for 
incorporation into the human bone analysis.
The very close correspondence shown by the linear regression 
curves between the results of the present work and those reported 
by Currey, using similar bone and similar testing conditions, is 
viewed as a direct indication of the satisfactory accomplishment 
of the first function.
The correspondence was encouraging for another reason.
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As already mentioned, the additional number of sections taken 
from each specimen involved a considerable increase in the 
processing time per specimen, and this was only possible at the 
expense of the number of specimens. The regression curve 
calculated by Currey was based on a sample size of 50 compared 
to 8 in the present work. This sample size, although relatively 
small, still appears to be large enough to give results as 
representative as those of Currey's.
The support offered by the present work to the generally 
accepted concept that secondary bone tends to reduce the tensile 
strength of the bulk tissue has already been discussed. More 
specifically this effect was shown to be connected with the area 
of complete osteons as opposed to the area of partial osteons.
The failure of the analysis to measure the area of cavities as 
an independent structural component precluded the possibility of 
contributing to the suggested causes of the reduction discussed 
in section 6.2.2. Consequently, Haversian canals, resorption 
and formation cavities, are included in a separate group in the 
human bone analysis.
The reason for the specimens failing where they did could, 
it may be argued, be a function not only of the internal micro- 
structure but also of the surface topography of the test pieces.
In order to examine this aspect tho peripheries of the human bone 
sections are analysed, as described in section 4.9.2. of Chapter 4, 
and included in the correlation testing.
It is hoped that the nature of the relationships between 
the cementing lines and the mechanical properties will become more
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apparent in the human bone analysis particularly in view of the 
intended variation in strain rate.
Any attempt to suggest modes of deformation and failure in 
this chapter have been purposely avoided. They are however 
discussed in Chapter 8 as, during the human bono analysis, the 
variation in strain rate emphasised the changing relationships 
between the structure and the mechanical properties giving a 
clearer indication of the manner in which bone supports stress.
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CHAPTER
HUMAN BONE
7.1. Introduction.
The initial section of this chapter examines the sensitivity 
of the tensile strength and the elastic modulus to variations in 
the rate of. strain. The dependence is clearly illustrated in 
Table 4.5. and is thought to be a function of the time-dependent 
properties of the tissue.
The format of the remaining bulk of the chapter is similar 
to the previous one, in that the mechanical properties are each 
embodied in separate sections. Initial comments and observations 
concerning the results of the analysis with respect to individual 
strain rates appear at the beginning of each section. This is 
followed by a more general discussion concerning the wider 
implications of the observed mechanical/structural relationships.
The correlation coefficients and statistical curves 
illustrating the relationships between the histological components 
and a particular mechanical property appear in the tables and 
figures following the relevant general discussion section.
It should be noted that the regression curves are, as 
before, plotted over the histological data range encountered in 
the structural analysis.
The results concerning the surface topography of the test 
specimens are included at this stage since they are similar for
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each of the mechanical properties. No significant correlations 
were observed between the surface features analysed from the 
peripheries of tho histological sections (Tablo 4.14.) and the 
mechanical properties at any of the rates of strain. From this 
result it must be concluded that the surface composition does 
not significantly influence the mechanical properties concerned 
in this investigation.
Values of mechanical properties of bone are often 
criticised on the grounds of the size effects of the test 
specimens. This criticism originates from the non-homogeneous 
nature of the surface of the gauge length and its relative 
influence on specimens of different cross-sectional areas. To 
some extent the present result allays this criticism and supports, 
by a different method, a similar conclusion drawn by Sedlin (1966), 
who made a direct comparison between the mechanical properties 
of different sized specimens and noted no significant differences.
7.2. Stress-relaxotion in cortical bone.
If a piece of cortical bone is stressed and the correspond-
ing deformation is maintained, then there occurs a gradual decay 
of the original stress with time. This phenomenon, known as 
stress relaxation, has been comprehensively studied by Sedlin 
(1965).
Piekarski (1968) estimated the relaxation time of cortical 
bone, i.e. the time taken for the stress to relax to /e of its 
original value, to be in the order of 45 minutes. During the 
present investigation the actual time of testing varied from 
approximately 1 min. to 80 mins. at the highest and lowest strain
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rates respectively. Sedlin showed the Theological model of bone 
to be rather more complex than the simple visco-elastic elements 
on which the above estimate of the relaxation time was based. 
However, it does indicate that at the highest rate of strain very 
little time was available for stress relaxation to occur, whereas 
at the lowest strain rate considerable stress relaxation was able 
to take place during the test. The reduction in the mean tensile 
strength and elastic modulus, consistent with a decrease in the 
rate of strain, is thought to be a direct result of this 
phenomenon. The tendency, evident in Table 4.5. and illustrated 
in Fig.7.1., was also noted by Piekarski over a range of strain 
rates varying from 5.10 ^ to 5 min. Sedlin (l965) demonstrated 
similar behaviour in both bending and tension whilst McElhaney 
(1965) showed it to be apparent in compression.
The time-dependent properties of bone are generally 
attributed to the essentially viscous nature of the collagen. 
Piekarski (1968) pointed out the considerably lower relaxation 
time for collagen than for bone and suggested that the presence 
of the apatite, in addition to imparting its elastic behaviour 
to the bulk material, combines with the collagen to effectively 
increase its relaxation time.
Since partial décalcification drastically reduces the 
relaxation time it is not unreasonable to expect those regions 
of relatively low mineral density in undecalcified bone, e.g. 
complete osteons, to have rather shorter relaxation times than, 
for example, the highly mineralized primary bone and cementing 
lines.
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In addition to modifying the time-dependent properties of 
bone, décalcification also reduces its tensile elastic modulus 
by a factor of about 80, Sweeney (1965). He also noted the 
extremely brittle nature of the material following the removal 
of the organic phase. Applying the same argument as before, 
regional variations in mineral and/or collagen density in 
undecalcified bone, almost certainly affects the localized 
elastic modulus and brittleness.
Modifications to local stress relaxation times and other 
mechanical behaviour, resulting from regional variations in 
mineral and/or collagen densities, have been developed and 
included at this stage for two reasons. Firstly, they constitute 
a natural extension of the cause and effects of stress relaxation 
in the bulk material. Secondly, since reference to particular 
aspects of them is frequently made during the discussions which 
follow, it was thought better to collect them all into one 
section.
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7.3. Ultimate Tensile Strength.
All the curves appearing in this section are, unless 
otherwise stated, those plotted From the polynomials 
representing the best-Fits to the Fracture data.
7.3.1. Initial observations.
(a) Rate oF strain - 0.001 mm./mm.min.
The area oF complete osteons was the only histological 
component to signiFicantly correlate with the tensile strength 
at this, the lowest oF the strain rates. The correlation, shown 
in Table 7.1., occurred at the 5% signiFicance level on a second 
degree polynomial with the Fracture data only. Fig.7.2. 
illustrates the relationship, demonstrating the reduction in the 
tensile strength caused by an increase in the area oF complete 
osteons.
(b ) Rate oF strain - 0.009 mm./mm.min.
Table 7.2. shows the many histological components, involving 
both Fracture and average data, that exhibited signiFicant 
correlations with the tensile strength at this rate oF strain.
Three interFace lengths, namely the partial osteon/partial 
osteon, the complete osteon/primary bone and the total interFace, 
demonstrated signiFicant relationships with the tensile strength 
in the case oF their Fracture data only, whilst the partial 
osteon/primary bone interFace, the area oF primary bone and the 
area oF partial osteons correlated more signiFicantly with their 
Fracture data than with their average data. Equal levels oF 
signiFicance were exhibited by the Fracture and average data with 
respect to the area oF cavities and the total secondary bone/primary
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bone interface. In both instances the correlations with the 
fracture data were considerably enhanced by virtue of their 
linearity. In only one case, that of the secondary bone area, 
did the average data correlate more significantly than the 
fracture data.
The most striking correlation was the apparent reduction 
in the tensile strength with an increase in the percentage area 
of primary bone illustrated in Fig.7.3. Since the structure was 
divided into primary bone, secondary bone (with sub-divisions) 
and cavities, it was not surprising to Find a positive 
correlation, displayed in Fig.7.4., between the area of secondary 
bone and the tensile strength, i.e. an almost equal but opposite 
effect to the area of primary bone. The approximate numerical 
equality of the respective correlation coefficients, instead of 
exact as was the case For bovine bone, was the direct result of
defining the cavities as a separate Feature, thus destroying the
complimentary nature of the primary and secondary bone areas.
The percentage area of partial osteons, whose regression
curve also appears in Fig. 7.4., correlated with the tensile
strength in the case of its Fracture data, at the same level of 
signiFicance as the secondary bone area, although the relationship 
is considerably enhanced by virtue of its linearity.
The area of cavities, recommended in Chapter 6 For inclusion 
in the analysis, was negatively correlated with the tensile 
strength at the 5/u level as shown in Fig.7.5. It is interesting 
to note that although the cavities, i.e. Haversian canals, 
resorption and formation voids, correlated significantly with 
the tensile strength, the gross porosity, which included the
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osteocyte lacunae and canaliculi, did not. The implications oF 
this observation are discussed in Chapter 8.
The polynomials corresponding to the various signiFicantly 
correlated cementing lines are illustrated in Figs.7.6. - 7.8.
The majority oF these curves indicate a reduction in the tensile 
strength to be consistent with an increase in interface length.
In the case of the minority, the partial osteon/partial osteon 
interFace positively correlated with the U.T.S. and is almost 
certainly responsible For the reversal in the initial trend shown 
by the total interFace length in Fig.7.6. at high data values.(The 
partial osteon/partial osteon interFace accounts For approximate­
ly 63^ of the difference between the total interface and the 
negatively correlated secondary bone/primary bone interFace whose 
linear regression curve was signiFicant at the level.)
(c) Rate of strain - 0.083mm./mm.min.
A Further increase in strain rate, by an approximate order 
of magnitude, resulted in only one structural component showing
significant correlation with the tensile strength. The effect is 
similar to that encountered when the strain rate was reduced by 
a similar Factor, although in the present situation the relevant 
component is the percentage area of cavities as shown in Table 7.3. 
Fig.7.9. illustrates the relationship and shows the reduction in 
the tensile strength caused by on increase in the area of cavities. 
The correlation, signiFicant at the 2^ 1 level on a second degree 
polynomial, involved only the fracture data.
7.3.2. Discussion.
At the highest and lowest strain rates signiFicant
154 -
correlations involved the Fracture data only whilst at the middle 
rate oF strain, where correlations with both Fracture and average 
data occurred, a distinct bias towards the Fracture data was 
apparent. This tendency For the tensile strength to be more 
closely related to the microstructure at the actual site oF 
Fracture is similar to that observed in the bovine analysis. It 
was then concluded, Chapter 6 section 6.5., that observations so 
based are probably more representative than those derived From the 
structure slightly displaced From the Fracture site.
One oF the more important results oF the preliminary work 
concerning bovine tissue was the support it gave to the general 
concept that an increase in tensile strength occurs with an increase 
in primary bone area. An initially disturbing Feature observed in 
the present results was the apparent contradiction oF this tendency. 
This was particularly evident at the middle strain rate where the 
negative correlation, shown in Fig.7.3., was signiFicant at the
0.1% level. An essentially similar, but non-signiFicant, correlation 
was observed at the lowest rate oF strain; whilst at the highest 
rate the expected positive correlation, again non-signiFicant, 
occurred, see Figs.7.11. and 7.12. respectively. Whatever the 
reason For this apparent contradiction it must oF course satisfy 
all observations. The Following argument, whilst specifically 
related to the situation encountered at the middle strain rate, 
will Finally be extended to encompass them all.
The total secondary bone area, which displayed a positive 
and equally contradictory correlation with the tensile strength, 
will of course be satisfied by the some explanation and is thus
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naturally excluded as the possible culprit. In addition, the mineral 
level must also be excluded os the primary influence since an 
increased tensile strength,consistent with an overall depression in 
the mineral level (a factor associated with an increase in the secondary 
bone area) is not compatible with the reduction in strength noted by 
Sweeney (1965) following décalcification (the extreme case of a 
depressed mineral level). Its exclusion is furthæ supported by the 
unexpected positive correlation with respect to the area of partial 
osteons together with the absehce of a correlation involving the low 
mineral phase in the structure, i.e. the area of complete osteons.
With the exception of the partial osteon/partial osteon 
and the total interface lengths, the cementing lines shown in 
Figs. 7.6. - 7.8. have two factors common to each of them. Not 
only do they all involve primary bone interFace lengths, but they 
also display a negative correlation with the tensile strength.
Additional computation shows a consistent increase in these 
cementing lines with increasing primary bone area. The low tensile 
strengths associated with an abundance of cementing lines are,
(within an overall predominance of secondary tissue), synonymous 
with a high proportion of primary bone. Since the present results 
indicate a low tensile strength to occur with high primary bone 
areas, it Follows that those cementing lines tending to incorporate 
the primary bone interfaces cannot be excluded as the influencing 
components. This argument is of course based on the situation at 
one strain rate only and it is sufficient to note at this stage 
that it cannot be applied with equal satisfaction to the other 
rates of strain. An explanation of this will be given later but
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influence in causing the observed reduction in the tensile 
strength with increasing primary bone area must be rejected. The 
total interface length, shown in Fig.7.6., tends bo support this 
rejection because, unlike the other cementing linos, its 
correlation with the primary bone area is negative and so indicates 
a high tensile strength to be consistent with high primary bone 
areas. (A probable explanation for the turning point in the 
total interface regression curve in Fig.7.6. was discussed in 
the previous section). The only other exception is the partial 
osteon/partial osteon interface whose positive correlation with 
the tensile strength. Fig.7.7., contradicts the normally observed 
negative correlation and is thought to result from its significant 
(l%) linear correlation with the equally contradictory, area of 
partial osteons.
The percentage area of cavities is the only structural 
component that remains. This situation is not entirely unexpected 
particularly in view of the isolated and significant correlation 
between it and the tensile strength at the highest rate of strain.
The polynomial describing the relationship between the area 
of cavities and the area of primary bone, for the specimens 
tested at the middle strain rate, is shown in Fig.7.10. superimposed 
on the regression curve between the primary bone area and the 
tensile strength. It is evident from these curves that in addition 
to the observed reduction in the tensile strength with increasing 
primary bone area, there is a corresponding increase in the area 
of cavities - an increase which Fig.7.5 shows to have resulted in 
a significant reduction in strength. This suggests that the
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influence of the area of cavities on the tensile strength is 
greater than the area of primary bone; or, due to the positive 
correlation between the two histological components, the 
recessive primary bone area is restrained to take the opposite 
' correlation with the tensile strength to the dominant area of 
cavities. If this hypothesis is true then it must apply with 
equal satisfaction to the results encountered at the other rates 
of strain.
At the lowest strain rate the regression curves relating 
the primary bone area to the tensile strength and the area of 
cavities respectively, are shown in Fig.7.11. Neither curve is 
statistically significant, but the general trend is evident.
With increasing primary bone area, an initial decrease in the 
tensile strength is concurrent with an increase in the area of 
cavities. This is a similar situation to that which occurred 
previously but, unlike then, the area of cavities exhibits a 
maximum within the data range, after which a negative correlation 
with the primary bone area occurs. Almost corresponding to this 
maximum in the area of cavities is a minimum in the tensile 
strength. This results in a positive correlation between the 
latter and the primary bone area towards the upper limits of the 
data range, and maintains the opposite sense of the respective 
correlations necessary for the validity of the hypothesis.
The situation at the highest rate of strain is rather 
different. As illustrated in Fig.7.12., the non-significant 
relationship between the tensile strength and the primary bone 
area shows the positive correlation previously observed between
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these two in Chapter 6. However, an increase in the primary 
bone area is not only associated with an increase in the tensile 
strength, but is also consistent with a general reduction in 
the area of cavities. This reduction, again non-significant,is 
shown in Fig.7.12. and occurs over the whole data range although 
it does tend to a maximum at low data values of primary bone area. 
Hence, at the highest strain rate, the tendency for the sense of 
the correlations between the U.T.S. and the primary bone area to 
be opposite to that relating the areas of primary bone and 
cavities, again supports the validity of the hypothesis.
The lack of significant correlations between the respective 
areas of primary bone and cavities is thought most likely to be 
a function of sample size, since the relationship is significant 
at the 5% level when based on data collected from all 54 'average' 
sections. It is interesting to note that the relationship, 
shown in Fig. 7.13., exhibits a maximum whose presence permits 
the occurrence of both positive and negative correlations between 
the areas of cavities and primary bone encountered in Figs. 7.10- 
7.12.
At the middle rate of strain it will be recalled that the 
mutual correlations between certain cementing lines, the tensile 
strength and the primary bone area, indicated the possible 
influence of the interface lengths in causing the negative 
correlation between the tensile strength and the primary bone area. 
Unlike the area of cavities, these interfaces did not consistently 
exhibit a correlation with the primary bone area opposite in 
sense to that of the tensile strength, i.e. similar curves to
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those shown in Figs. 7.10. - 7.12. but with respect to the 
cementing lines could not be constructed. It was fur this reason 
that the cementing lines were rejected as constituting the primary 
influence on the relationship between the tensile strength and 
the primary bone area.
To summarize the situation so far; the significantly 
negative correlation between the tensile strength and the primary 
bone area coupled with the positive correlation between the areas 
of cavities and primary bone at the middle strain rate, resulted 
in the hypothesis that the weakening effect of the cavities is 
more influential than the strengthening effect of the primary 
bone. At the other two rates of strain, where it must be 
emphasised that the regression curves did not show statistical 
significance, the general trend, for a positive correlation 
between the tensile strength and primary bone area to occur only 
when the area of cavities is decreasing, is similar. This 
further supports the dominant nature of the cavities.
If this is the true situation, then how is it to be 
reconciled, not only with the results of the previous work on 
bovine bone, but also with those of Currey (1959) and Evans (1957) 
who reported positive correlations between the tensile strength 
and primary bone area for bovine, and embalmed human bone 
respectively?
The hypothesis suggests that provided the area of cavities
is decreasing, or presumably at least constant, then an increase 
in the primary bone area is consistent with an increase in the 
tensile strength. Tentative extrapolation of Fig, 7.13. indicates
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a continued, but decelerating reduction in the area of cavities . 
with increasing primary bone area, tending towards a low, and 
probably nearly constant level at high primary bone areas. (The 
low area of cavities in the predominantly primary tissue of the 
bovine specimens was the main reason for them not being analysed 
as a separate phase.) The micrustructures of the specimens 
involved in the preceding bovine analysis all contained greater 
than 10% primary bone. This in effect positions them on that 
portion of the curve in Fig.7.13. over which the area of cavities 
and primary bone are negatively correlated. The great majority 
of Currey's specimens are similarly located with only 4 out of 
a total of 50 falling to the left of the maximum. In these 
situations, positive correlations between the tensile strength 
and the primary bone area are to be expected and, of course,were 
observed.
In a similar manner a mean primary bone area of approximate­
ly 42% was encountered by Evans which again locates the micro-
structures on the negatively correlated portion of the curve in 
Fig.7.13. The situation again arises when a positive correlation 
between the tensile strength and the primary bone area is to be 
expected - a correlation reported to be significant at the 2% 
level.
The relatively high mean primary bone area of about 42% 
reported by Evans, compared to the 12% average in the present 
work, is most probably the result of a combination of the femoral 
shaft geometry together with the lengths of the respective test 
specimens. In order to extract the relatively lung (approximately
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7.5cm.) specimens, as used by Evans, from the essentially curved 
wall of the femoral shaft (viewed in longitudinal section), the 
ends of tho tost piece must have been located close to the 
endosteal surface whilst the central portion tended towards the 
periosteal surface. This obviously increased the probability 
of including fairly large proportions of circumferential lamellae 
in the gauge length. In contrast, the specimens in the present 
work, being only 3 cm. in length, tended to find their gauge 
lengths lying in the mid-cortex and so generally excluding the 
circumferential lamellae. This tendency was subsequently verified 
during the histological analysis.
Tho positive correlations between the tensile strength 
and the primary bone area observed in the respective investigations 
by Currey, Evans, and the work on bovine bone discussed in 
Chapter 6, are therefore, not only reconciled to the hypothesis 
concerning the dominant influence of the cavities, but are, to 
some extent, forecast by it. It is considered that the hypothesis, 
originally instigated by the apparent anomalies in the present 
work and largely consolidated by the results of other investi­
gations, modifies the currently accepted concept of a positive 
correlation between the tensile strength and primary bone area.
It shows it to be only valid where a negative correlation exists 
between the areas of cavities and primary bone.
A logical extension of this argument would be to suggest 
that primary tissue has no inherent strengthening effect of its 
own. This however, is certainly not supported by the observed 
reduction in the tensile strength following partial décalcification.
Although the area of cavities explains the observed
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relationship between the tensile strength and the primary bone 
area at the middle rate of strain, it may not necessarily 
constitute the only, or even major, source of weakness. Certainly 
the absence of a significant correlation with the area of complete 
osteons excludes tho absolute mineral density, but, with the 
exception of the partial osteon/partial osteon interface and the 
total interface lengths, the cementing lines all demonstrate 
significant negative correlations with the tensile strength.
This suggests their possible contribution as sources of weakness. 
The positive correlation of the partial osteon/partial osteon 
interface, Fig.7.7., is, as already mentioned, most probably 
due to its highly significant (1%) correlation with the areas of 
partial osteons. However, observations concerning the % 
elongation indicate this interface in particular to constitute 
sites of crock arrest. This strengthening effect may, to some 
extent, be reflected by the positive correlation between it and 
the tensile strength. The total interface length was discussed 
in section 7.3.1. where its essentially negative correlation with 
the tensile strength was thought to be influenced, particularly 
towards high data values, by the positively correlated partial 
osteon/partial osteon interface. The ability of cementing lines 
to function both as sources of weakness and strength receive 
further attention in Chapter 8.
Significant interrelationships between the area of cavities 
and the cementing lines makes it impossible to differentiate 
between the importance of their respective roles as sites of 
weakness. Based simply on the relative levels of significance
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the cementing lines must take the responsibility, but the area 
of cavities, apparently influential enough to cause the primary 
bone area to negatively correlate with the U.T.S., almost 
certainly contributes to the limitation of the tensile strength.
At the two remaining rates of strain the situation is much 
simpler as in each case only one structural component significant­
ly correlated with the tensile strength. At the highest rate of 
strain the pertinent component was the area of cavities where its 
increase caused a significant reduction in the tensile strength. 
Cavities have an inherent negative effect on the tensile strength 
in that their presence effectively reduces the area of load bear­
ing material. In an attempt to determine the importance of this 
effect the values of tensile strength were recalculated based, 
not on the gross area of the test specimens, but on the area of 
their solid matrix, i.e. the gross area minus the area of cavities 
The significance levels of the correlations based on the modified 
values of the tensile strength were in no way improved. This 
suggests that the cavities influence the tensile strength in an 
additional and more positive manner. This will be discussed in 
Chapter 8.
At the lowest of the strain rates the negative (and only) 
correlation between the tensile strength and the area of complete 
osteons suggests that the low mineral density associated with 
this phase is responsible for limiting the tensile strength.
Bell (1941) drew a similar conclusion when he noted a reduction 
in the bending strength of rat femurs when the animal’s dietary 
calcium level was reduced below a certain optimum value.
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This effect might be analogous with the observed reduction in 
strength following partial décalcification. Evans (1967) 
reported a negative correlation between the area of complete 
osteons and the tensile strength and supported the mineral 
density concept by additionally observing a positive correlation 
with the more highly calcified primary bone area. It must be 
re-emphasised that because of the uncertainty of the strain rate 
used by Evans, these comparisons are only of a tentative nature.
The absence of a significant positive correlation with the 
primary bone area in the present investigation is to be expected 
since, at the low strain rate, the area of cavities does not 
consistently decrease with increasing primary bone area, see 
Fig. 7.11.
It is interesting to note that although the area of complete 
osteons limits the tensile strength, their mean area at the 
fracture surface is lower than over the average gauge length; 
compare tables 4.8. and 4.9. This apparent anomaly suggests that 
tho relative distributions of contrasting mineral levels might 
be equally as important as their absolute values. This point is 
enlarged upon in Chapter 8.
7.3.3. Summary.
1. The consistent reduction in the tensile strength and elastic 
modulus with decreasing strain rate is considered to be directly 
attributable to the progressive stress relaxation of the bulk 
material during the increasingly long testing times.
2. The probable effects of variations in localized mineral 
density on regional rates of stress relaxation are discussed.
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These effects ars based on the reported decrease in relaxation 
time following décalcification. Similar effects on local elastic 
moduli ore also discussed.
3. At all strain rates a tendency for the tensile strength
to be more closely related to the microstructure at the actual
site of fracture was apparent.
4. In no cases were significant correlations observed between
the mechanical properties and the topography of the gauge length. 
It is concluded that structural components lying in the surface 
of the gauge length do not significantly affect the mechanical 
properties.
.5. The negative correlation between the primary bone area and
the tensile strength observed at the middle strain rate is shown 
to be a function of the area of cavities. Its explanation gives 
rise to the hypothesis that the generally accepted concept of a 
positive correlation between the primary bone area and the tensile 
strength is only valid when the area of cavities is negatively 
correlated with the former. That is, the weakening effect of the 
cavities is greater than the strengthening effect of the primary 
bone. This hypothesis is shown to be consistent with other
investigations.
6. At the middle strain rate negative correlations between 
several cementing line lengths and the tensile strength indicate 
their ability to function as sites of weakness. At this strain 
rate both cavities and cementing lines appear to contribute to 
the limitation of the tensile strength.
7. At the highest rate of strain the area of cavities was the
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only structural component to significantly correlate with the 
tensile strength. The sense of the correlation was negative.
8. The associated reduction in the area of load carrying 
matrix caused by the presence of the cavities does not adequately 
explain their weakening effect. This point receives further 
attention in Chapter 8.
9. At the lowest strain rate the area of complete osteons 
showed an isolated and negative correlation with the tensile 
strength. This indicates the general depression in mineral 
density to be the limiting factor, (analogous with partial 
décalcification). However, certain anomalies suggest the 
distribution of contrasting mineral densities to be equally as 
important and this is discussed in Chapter 8.
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ULTIMATE TENSILE STRENGTH.
Rate of Strain - 0.001 mm.
mm.min,
Histological Fracture data Average data
Parameters
corr.
coeff.
sig.
level.
ooly.
degree
corr.
coeff,
sig.
level.
poly.
degree
% Area Complete 
Osteons
0.845 5% 2 —
% Area Partial 
Osteons
— -
% Area Secondary 
Bone
— —
% Area Primary
Bone
0.540 - 2 -
% Area Cavities 0.685 — 2 -
Total Complete 
Osteon Circumference
- -
Average Complete 
Osteon Circumference
- -
Partial Osteon -
Primary Bone 
Interface
- -
Partial Osteon - 
Partial Osteon 
Interface
- —
Complete Osteon -
Primary Bone 
Interface
- -
Complete Osteon - 
Partial Osteon 
Interface
— —
Total Secondary Bone- 
Primary Bone 
Interface
— —
Total Interface - -
Gross Porosity
......-.- .-.. -..1
- —
Table 7.1. Human bone correlation coefficients
ULTIMATE TENSILE STRENGTH
Rate of Strain - 0.009 mm.
mm.min.
Histological Fracture data Average data
Parameters
corr.
coeff.
sig.
level.
poly.
degree
corr.
coeff.
sig.
level
poly.
degree
% Area Complete 
Osteons
-
% Area Partial 
Osteons
+ 0.937 1% 1 0.897 2% 2
% Area Secondary 
Bone
0.971 1% 2 0.983 0.1% 2
% Area Primary 
Bone
0.981 0.1% 2 0.942 1% 2
% Area Cavities - 0.833 5% 1 0.860 5% 2
Total Complete 
Osteon Circumference
— —
Average Complete 
Osteon Circumference
— -
Partial Osteon - 
Primary Bone 
Interface
0.948 1% 2 0.914 2% 2
Partial Osteon - 
Partial Osteon
Interface
0.906 2% 2 —
Complete Osteon - 
Primary Bone 
Interface
0.852 5% 2 —
Complete Osteon - 
Partial Osteon 
Interface
— —
Total Secondary Bone- 
Primary Bone 
Interface
-0.961 1% 1 0.963 1% 2
Total Interface 0.829 5% 2 —
Gross Porosity - —
Table 7.2. Human bone correlation coefficients.
ULTIMATE TENSILE STRENGTH
Rate of Strain - 0.083 mm.
mm. min
Histological
Parameters
Fracture data Average data
corr.
coeff.
sig.
level.
poly.
degree
corr.
coeff.
sig.
level
poly.
degree
% Area Complete 
Osteons
- —
% Area Partial 
Osteons
- -
% Area Secondary 
Bone
- -
% Area Primary 
Bone
0.703 - 2 -
% Area Cavities 0.903 2% 2 -
Total Complete 
Osteon Circumference
— —
Average Complete 
Osteon Circumference
- —
Partial Osteon - 
Primary Bone 
Interface
- -
Partial Osteon - 
Partial Osteon 
Interface
- -
Complete Osteon - 
Primary Bone 
Interface
— —
Complete Osteon - 
Partial Osteon 
Interface
- -
Total Secondary Bone 
Primary Bone 
Interface
— -
Total Interface — -
Gross Porosity — -
Table 7.3. Human bone correlation coefficients
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7.4. Modulus of Elasticity.
7.4.1. Initial observations.
(a) Rate of strain - 0.001mm./mm.min.
At the lowest rate of strain the only histological components 
to exhibit significant correlations with the elastic modulus were 
certain of the cementing line lengths, as shown in Table 7.4.
The total secondary bone/primary bone interface, and the total 
interface lengths, whose regression curves are illustrated in 
Fig.7.14. correlated at the 2^ and 5^ significance levels 
respectively, both on second degree polynomials. Fig.7.15. shows 
the quadratic relationship, significant at the 5^ level, between 
the complete osteon/primary bone interface and the modulus. The 
correlations in each case occurred with respect to the average 
histological data. All curves displayed the same trend of an 
initial increase in modulus with increasing interface length 
leading to a maximum followed by a decreasing modulus at high 
values of interface lengths.
(b) Rate of strain - 0.009 mm./mm.min.
Table 7.5. lists the correlations that occurred between the 
modulus and the microstructure at this rate of strain. The 
partial osteon/primary bone interface correlated with both average 
and fracture data on second degree polynomials at respective 
significance levels of 2% and 0.1^^ The regression curves 
illustrating these relationships appear in Fig.7.16. The complete 
osteon/partial osteon interface and the total secondary bone/primary 
bone interface lengths, which correlated at the 1 % level on second 
degree polynomials, did so with respect to their fracture data
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only and are illustrated in Fig.7.17. All four curves displayed 
with the modulus simiJar relationships to the interfacial lengths 
at the lowest strain rate.
The gross porosity, measured in the apparatus described in 
Chapter 9, was negatively correlated with the modulus at this rate 
of strain. The linear relationship, significant at the 2^ level, 
is illustrated in Fig.7.18.
Of the four histological components that significantly 
correlated with the elastic modulus, two did so with respect to 
the fracture data only and one, which involved both sets of data, 
correlated more significantly with the fracture data than the 
average data. In only one case, that of the gross porosity, was
an 'average' measure of the gauge length the only one noted.
(c) Rate of strain - 0.083 mm./mm.min.
At the highest rate of strain the primary bone area was 
the only histological component to significantly correlate with
the modulus, as shown in Table 7.6. The relationship, significant 
at the 5/a level on a second degree polynomial, occurred with the 
average data and appears in Fig. 7.19. With increasing primary
bone area an increase in modulus is apparent - a trend that
levels off towards the upper limit of the data range.
7.4.2. Discussion.
The tensile strength correlated more significantly with 
the fracture data for both bovine and human test specimens, whilst 
in the case of bovine bone consistency was maintained (section 4.6. 
of Chapter 4) by significant correlations occurring only between 
the elastic modulus and the average data. This trend is only
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partially followed by the present results regarding the elastic 
modulus, since the most significant correlations at the middle 
strain rate occurred with respect to the fracture data. Clearly, 
the analysis of a single section taken from a unique location 
(the site of fracture) can only be less representative of the 
overall microstructure than the mean composition of several 
randomly selected sections in the gauge length. The greater 
dependence of the elastic modulus on the microstructure at the 
fracture surface strongly suggests some localized elastic 
deformation in this region. The non-homogeneous nature of cortical 
bone would not reject such a proposal and a method concerned with 
its future investigation is considered in Chapter 10.
At the lowest strain rate where correlation did occur with 
the average data, certain cementing line lengths, described in 
section 7.4.1. were the only structural components to demonstrate 
a significant relationship with the modulus.
Cementing lines are highly mineralized, collagen-free seams, 
running between and forming the boundaries of, areas of tissue 
whose mineral densities differ from one another. As pointed out 
in section 7.2. the time dependent properties of bone are mainly 
attributable to the organic phase. The absence of collagen in the 
cementing lines coupled with their highly mineralized nature 
results in an increase in their relaxation time and an enhance- 
ment of their elastic modulus. Hence, in tensile loading of 
longitudinally orientated specimens, the cementing lines represent 
relatively rigid, time-independent seams lying generally 
parallel to the applied stress and surrounded by areas of less
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rigid, more time-dependent tissue. Obviously, the net area 
covered by the cementing lines is small and in consequence the 
rigidity they impart to the bulk material may not always be 
apparent. However, the positive correlations between the 
cementing lines and the modulus over the initial sections of 
the curves in Figs.7.14. and 7.15., indicate the effect to be 
present at the lowest rate of strain. A probable explanation 
lies with stress relaxation. The testing time at the lowest 
strain rate appears to have been sufficiently long for stress 
relaxation to progressively relax the load from the time- 
dependent phases and ultimately enable the relatively time- 
independent cementing lines to control the deformation of the 
bulk material. An increase in their quantity imposes a greater 
restraint and hence results in the observed correlation.
However, an increase in those cementing lines correlating at the 
low strain rate is also consistent with an increase in low 
modulus secondary bone, which in turn tends to result in a general 
depression of the overall mineral density of the bulk tissue.
The maxima in the regression curves in Figs. 7.14. and 7.15., 
followed by negative correlations, is most probably a function 
of the underlying influence of this increase.
The previous statement concerning the increase in low 
modulus secondary bone with increasing cementing line lengths 
needs further clarification; Of the three interface lengths 
that correlated with the modulus at the lowest strain rate, an 
increase in only one of them, the total interface length, is 
consistent with an increase in the total area of secondary bone.
- 186
In the case of the remaining two, the complete osteon/primary 
bone interface and the total secondary bone/primary bone inter­
face, histological interrelationships show thoir increase to be 
associated with a general decrease in the secondary bone area 
and an increase in the area of primary bone. Additional 
computation shows that with respect to the latter interface the 
rate of increase of complete osteons is greater then the rate of 
increase of primary bone, whilst in the case of the former, the 
corresponding rates of increase are approximately equal. As 
indicated in section 7.2. the reduced mineral density of the 
complete osteons effectively decreases their elastic moduli. 
Hence, in general, it seems justifiable to suggest that an 
increase in the cementing line lengths, relevant to the lowest 
strain rate, is consistent with either an increase in the overall 
secondary bone area or at least in its low modulus component.
At the middle strain rate, although the three interface 
lengths, with the exception of the total secondary bone/primary 
bone interface, differed from those encountered at the lowest 
strain rate, the trends, illustrated in Figs. 7.16 and 7.17,, 
are similar. The explanation would again seem likely that the 
initial rigidity imparted to the bulk material by the highly 
calcified cementing lines is eventually eroded by the increase 
in low modulus bone. (The relationships between interface lengths 
and the low modulus secondary bone, originally discussed with 
reference to the lowest strain rate, apply equally well to the 
cementing lines at this strain rate.)
Significant histological interrelationships between the 
respective interface lengths at the two strain rates makes it
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impossible to establish the real or apparent nature of their 
individual correlations with the modulus. Importance might be 
attached to the total secondary bono/primary bone interface since 
it showed consistently high significance levels at both rates of 
strain. Why the correlations at the two strain rates involved 
different cementing lines, with the exception of the total 
secondary bone/primary bone interface, is not known. One obvious 
difference was the relative decrease in stress relaxation possible 
at the middle strain rate simply because of the shorter testing 
period. Whether this is a contributory factor is unknown, 
although if it is, then the mechanism is not understood. Even 
more intriguing is why the relationships at both strain rates 
involved only certain cementing lines and not others. No
explanation of this can be offered at the present time.
In addition to certain of the cementing lines, the gross 
porosity also showed a significant correlation (2%) with the 
modulus at the middle rate of strain. This in itself is not 
surprising since one of the characteristics usually displayed by 
porous materials is a reduction in the elastic modulus with an 
increase in the pore volume fraction, see for example, Mackenzie 
(1950). The interesting, and again intriguing feature is that 
the relationship only occurred at one strain rate. At neither the 
highest nor lowest strain rates did the gross porosity even 
weakly correlate with the modulus. It is difficult to see why the
relationship should be so specific to one strain rate and no
satisfactory explanation can be offered. Interestingly, Evans
(1967) observed a similar correlation but at the 5% level with
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the area of cavities. No such correlation occurred in the 
present investigation.
At the highest rate of strain the cementing lines appear 
to lose their significance which is consistent with the relaxation 
concept. Considering the very small area covered by the 
cementing lines, it is reasonable that they should only control 
the deformation when stress relaxation has progressed sufficiently 
to considerably relax the stress in the surrounding phases. In 
conditions which permit little stress relaxation the relatively 
larger areas of primary tissue, itself the least time-dependent 
of the time-dependent phases, naturally assumes control of the 
deformation of the bulk tissue. This situation is apparent at 
the highest rate of strain where the primary hone area positively 
correlated with the modulus.
7.4.3. Summary.
1. The majority of correlations indicated the elastic modulus 
to be a function of the average microstructure along the gauge 
length. Certain correlations however, indicated the possibility
of non-uniform elastic deformation in the vicinity of the fracture.
2. At the lowest rate of strain significant correlations 
occurred with certain of the cementing lines only. In all cases 
an initially positive correlation was followed, at high data 
values of interface length, by a negative correlation.
Stress relaxation over the relatively long testing period 
is thought to have progressed sufficiently to relax the load from 
the time-dependent phases and resulted in the collagen-free and 
relatively time-independent cementing lines assuming control of
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a greater restraint arci résulta in t u obsei ed positive 
correlation. Cens:stent wJth an :ncre ae Jn c nancies lines is 
an increase in leu naiulus secnneery esn . The axina, and 
subsequent negati ve correlate uns, suggest hat the initial riqidit' 
imparted tc the bulk naturia] by the hinnly aleifiu cementing 
lines is cvGituelly eroded hy the increase in . w node us bone.
3. Similar correlations were observed at the m. ^le strain 
rate and the same cuchanisns are thought to apply.
4. Why only certaun cementing lines showed significant 
correlations with the modulus and why, with the execution of th 
total secondary none/primary bone interface, these differed 
between the two strain rates in nut understood.
5. At the middle strain rate a negative correlation between the 
gross porosity and the modulus occurred. It is not understood 
why this relationship, characteristic o^ ' porous materials, only 
applied to one strain rate.
6. At the highest strain rate the cernent-no lines lost their 
significance and wore replaced by an isolated and positive 
correlation with the primary bone area. This is thought to be 
consistent with, and a function of, the reduction in '.tress 
relaxation at high rates of strain.
The fundamental mechanisms involved in the elastic 
deformation of cortical bone are clearly extremely complex and 
the many unexplained observations indicate that they are not,by 
any means, completely understood. However, a common factor to 
most of the arouments is the tima-deoendent characteristics of
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the tissue; not the characteristics of the bulk material, but 
those of the constituent phases, e.g. complete osteons, primary 
bone etc. Judging by the 1ack of reference to them in the 
literature they appear to have been, as yet, uninvestigated. It 
is believed that in order to fully understand the nature of the 
elastic deformation of bone, the modifications induced in the 
local elastic moduli and time-dependent characteristics by 
regional variations in the microconstituents must receive future 
attention.
Finally, it must be stressed that in view of the 
considerable variation in collagen/mineral ratios in the phases 
comprising normal undecalcified bone, each with individual 
mechanical properties, the foregoing arguments concerning the 
modulus of the bulk material must be considered to be of a 
tentative nature.
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MODULUS OF ELASTICITY
Rate of Strain - 0.001 mm.
mm.min,
Histological Fracture data Average data
Parameters
corr.
1 coeff.
sig.
level
poly.
degree
corr.
coeff.
sig.
level
poly.
degree
% Area Complete 
Osteons
- -
% Area Partial 
Osteons
— —
% Area Secondary
Bone
- —
% Area Primary 
Bone
- —
% Area Cavities - —
Total Complete 
Osteon Circumference
— -
Average Complete 
Osteon Circumference
— -
Partial Osteon - 
Primary Bone 
Interface
- -
Partial Osteon 
Partial Osteon 
Interface
— -
Complete Osteon - 
Primary Bone 
Interface
— 0.830 5% 2
Complete Osteon - 
Partial Osteon 
Interface
- —
Total Secondary Bone - 
Primary Bone 
Interface
— 0.899 2
Total Interface - 0.874 5# 2
Gross Porosity - —
Table 7.4. Human bone correlation coefficients.
MODULUS OF ELASTICITY
Rate of Strain - 0.009 mm.
mm. min
Histological Fracture data Average data
Parameters
corr.
coeff.
sig.
level
poly.
degree
corr.
coeff.
sig.
level
poly.
degree
% Area Complete 
Osteons
- -
% Area Partial 
Osteons
— —
% Area Secondary 
Bone
- -
% Area Primary 
Bone
- -
% Area Cavities - -
Total Complete 
Osteon Circumference
-
■
Average Complete 
Osteon Circumference
— -
Partial Osteon - 
Primary Bone 
Interface
0.988 0 .1^ 2 0.883 2% 2
Partial Osteon - 
Partial Osteon 
Interface
- -
Complete Osteon - 
Primary Bone 
Interface
- -
Complete Osteon - 
Partial Osteon 
Interface
0.928 1% 2 —
Total Secondary Bone- 
Primary Bone 
Interface
0.965 19& 2 —
Total Interface — —
Gross Porosity — -0.890 2 % 1
Table 7.5. Human bone correlation coefficients
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MODULUS OF ELASTICITY
Rate of Strain - 0.083 mm
mm.min
Histological Fracture data Average data
Parameters
corr.
coeff.
sig.
level.
poly.
degree
corr.
coeff.
sig.
level
poly.
degree
% Area Complete 
Osteons
- -
% Area Partial 
Osteons
— -
% Area Secondary 
Bone
- -
% Area Primary
Bone
- 0.850 59& 2
% Area Cavities - —
Total Complete 
Osteon Circumference
- -
Average Complete 
Osteon Circumference
- -
Partial Osteon - 
Primary Bone 
Interface
— —
Partial Osteon - 
Partial Osteon 
Interface
- -
Complete Osteon - 
Primary Bone
Interface
- —
Complete Osteon - 
Partial Osteon 
Interface
— -
Total Secondary Bone- 
Primary Bone 
Interface
- -
Total Interface — -
Gross Porosity — -
Table 7.6. Human bone correlation coefficients.
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7.5. Perccntanc Llonoation.
7.5.1. Initial observations.
(a) Rate of strain - 0.001mm./mm.nin.
Table 7.7. shows the extent of the dependence of the ^  
elongation on the structural components at this rate of strain.
The primary bone area, which correlated with respect to 
the fracture data only, is illustrated in Fig.7.20. The second 
degree regression curve, significant at the 2^ level, shows a 
marked reduction in the elongation with increasing primary bone 
area. The relationship between the secondary bone area and the 
^ elongation also involved the fracture data only although at an 
increased significance level of 1^^ The second degree polynomial, 
shown in Fig.7.21., indicates its effect to be opposite to that 
of primary bone, i.e. an increase in the % elongation occurs with 
an increase in the secondary bone area. Fig.7.21. also illustrates 
the relationship between the % elongation and the fracture data 
of the area of partial osteons. The second degree regression 
curve, significant at the 1 ^ level, indicates an increase in the 
^ elongation to be consistent with an increase in the area of 
partial osteons. A similar correlation occurred with respect to 
the average data for this component.
Significant relationships were also observed between the 
% elongation and the fracture and average data of the complete 
osteon/primary bone interface. Ooth correlations were significant 
at the 5^ level on second degree polynomials and the relationship 
regarding the former is illustrated in Fig.7.22. It shows a 
consistent reduction in the inelastic deformation with increasing 
interface length.
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(b) Rate of strain - 0.009mm./mn.min.
It is apparent from Table 7.8. that the increase in strain 
rate has not affected the respective significance levels between 
the areas of primary bone, partial osteons and the ^ elongation 
in the case of their fracture data. The regression curves, 
illustrated in Fig, 7.23. and 7.24. respectively, show that their 
effects have also been retained. That is, an increase in the % 
elongation with an increasing area of partial osteons, and a 
reduction with an increase in the area of primary bone. The 
significance of the relationship with respect to the average data 
of the area of partial osteons has also been retained, ihe fracture 
data of the area of secondary bone has lost its significance 
whilst the relationship with the area of primary bone has been 
extended to include its average data. Correlations with the 
fracture and average data of the complete osteon/primary bone 
interface have increased their significance levels from 5^ to 0 .1 ^^ 
The regression curve corresponding to the fracture data of this 
interface is shown in Fig.7.25. The figure also illustrates the 
relationship, significant at the 1 % level on a second degree 
polynomial, between the fracture data of the secondary bone/primary 
bone interface and the % elongation. Both curves show a similar 
tendency for an increase in interface length to result in a 
decrease in the ^ elongation.
(c) Rate of strain - 0.003mm./mm.min.
No significant relationships were exhibited between the 
% elongation and the histological components when the correlations 
were based on all six specimens. However, on re-computing the
202 -
regression curves, but with the omission of all data 
corresponding to specimen 013 (the reasons for which will be 
explained in the next section), then a significant correlation 
was observed with respect to the fracture data of the area of 
partial osteons. This relationship, significant at the 5^ level 
and listed in Table 7.9., is illustrated in Fig.7.26. It shows 
a similar tendency to that noted at the two lower strain rates 
for its increase to result in an increase in the ^ elongation.
7.5.2. Discussion.
It is evident from an examination of Tables 7.7. - 7.9. 
that several of the correlations showed significance with the 
fracture data only. In those cases where significant relation­
ships occurred with both sets of data the significance levels of 
the correlations with the average data were never higher than 
those with the fracture data. (These statements are true whether 
the single correlation at the highest strain rate is considered 
or not.) Although this strongly suggests a tendency for the 
inelastic deformation to be dependent upon the microstructure 
at the site of fracture, correlations involving the average data 
were not entirely unexpected. Chapter 4, section 4.6. By 
definition, the plastic deformation is concerned with the 
localized deformation in the vicinity of the final fracture and 
therefore takes place over a short distance either side of the 
fracture plane. It is likely that the mean structural 
composition over this length deviates slightly from the micro­
structure at the actual site of fracture. This deviation must 
tend towards a measure of the average structural composition and
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so would explain the appearance of the observed correlations with 
the average data. Where correlations involved the fracture data 
only, then presumably this indicated there to be little 
quantitative variation in these structural components over the 
length to which plastic deformation was restricted.
Unlike the tensile strength and elastic modulus, the 
magnitude of the ^ elongation showed no consistent trend with 
respect to the rate of strain suffered by the bulk material,see 
Table 4.5. This observation, together with the possibly more 
important general tendency for the same histological components 
to significantly correlate with the ^ elongation at all strain 
rates (see below), suggests the relative insensitivity of the 
parameter to the rate of strain. However, extensions of arguments 
presented in the next chapter suggest a rather complex connection 
between them which might explain the reason for the apparent 
inconsistency in the parameter's magnitude.
The statement that the correlations with the % elongation 
involve the same histological components regardless of strain rate 
is certainly true with respect to the complete osteon/primary 
bone interface, the primary bone area, and the area of partial 
osteons at the two lower strain rates, but can only be extended 
to the highest strain rate if the inconsistency caused by specimen 
013 can be explained.
Doubt was first cast on the validity of the magnitude of 
the % elongation of specimen 013 when, during the mechanical 
testing, it produced an atypical stress-strain curve. Regardless 
of strain rate all test specimens, with the exception of 013,
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exhibited stress-strain relationships similar to the schematic 
curve illustrated in Fig.4.3. of Chapter 4. The smooth 
transition From elastic to plastic behaviour was followed by a 
continuously decreasing rate oF load increase until final 
fracture. This shape was typical of those reporteo by other 
investigators, e.g. Sweeney (1965), Dempster (1952) and Piekarski
(l968). In the case of specimen 013, after the usually smooth 
elastic/plastic transition, a sharp discontinuity was observed 
where strain increased with no apparent increase in the load.
The load then began to rise again, increasing in the usual manner 
until failure. Since this apparent discontinuity was restricted 
to one specimen only, the unusually large magnitude of its % 
elongation (3.23^^ was noted as being suspect. Its origin might 
have resulted from the inclusion of a fragment of fracture debris 
from a previous test, missed during routine cleaning, which 
became trapped between the contact surfaces and 'dug-in' at a 
critical point during the test. The specimen was not rejected 
completely because the nature of the discontinuity indicated at 
most that only the % elongation was affected. The subsequent 
absence of significant correlations between the % elongation and 
the microstructure, unique to the set of data that included this 
specimen, revived the original suspicion in its magnitude. 
Although it is difficult to estimate the contribution made by the 
discontinuity, measurements from the stress-strain curve indicate 
it to have been in the order of 33-50^^ This reduces the % 
elongation of specimen 013 to between 1.6 and 2.3^^ values which 
lie closer to the curve in Fig.7.26. and so tend to support
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its rejection.
Although the omission of data corresponding to specimen 
013 establishes the significance of the area of partial osteons, 
it fails to do so with respect to the primary bone area and 
complete osteon/primary bone interface. However, their relation­
ships with the ^ elongation, significant between the 5^ and 1 0 ^ 
levels and shown in Figs.7,27. and 7.28, respectively, illustrate 
trends similar to these for the corresponding structural components 
at the other strain rates.
On these regression curves the estimated value of the 
elongation of specimen 013 is again more favourably located.
Whether this alters the significance levels must remain uncertain 
since its very approximate nature precludes any attempts at 
recalculating new correlation coefficients. It is deduced in the 
next chapter that a reduction in the significance levels, 
particularly with respect to the interface length, might be 
expected at high strain rates due mainly to the reduced stress 
relaxation undergone in the material.
From the correlations shown in Tables 7.7. - 7.9. and 
expanded in the foregoing discussion, the detection of certain 
trends between the histological structure and the % elongation, 
essentially independent of strain rate, can be summarized as 
follows:
(a) An increase in ^ elongation results from an 
increase in the area of partial osteons (or 
perhaps more generally, an increase in the 
secondary bone area).
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(b) A decrease in ^ elongation results from an
increase in the primary bone area^
(c) A decrease in ^ elongation occurs with an
increase in the complete osteon/primary
bone interface length.
Whether statement (a) can be generalized to the area of 
secondary bone is uncertain since the correlation between it and 
the ^ elongation was significant at the low strain rate only.
Its failure to do so at the middle and higher strain rates might 
simply be a reflection of the generally observed non-significant 
nature of the area of complete osteons. This is possible because 
the area of secondary bone is a combination of the areas of 
partial and complete osteons and its significance level is 
necessarily a function of the interaction of the significant and 
non-significant components.
The relationships listed above provide the basis for a 
proposed mechanism of failure in cortical bone which, when 
developed, strongly suggests crack stopping mechanisms to be 
operative in structures associated with the presence of partial 
osteons. In addition, statement (c) suggests that cementing 
lines, particularly those separating areas of relatively high 
mineral density contrast, act as crack initiators. The proposed 
mechanism of failure together with probable sites and modes of 
crack initiation and arrest form the subject of the next chapter.
The areas of partial osteons, primary bone and the complete 
osteon/primary bone interface length ore histologically inter­
related and as such only one of them needs to be actually
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correlated with the % elongation. However, they are all equally 
as instructive as one another and together indicate mechanical 
characteristics typical of materials in an essentially brittle 
state. The mechanisms suggested by the individual correlations 
(Chapter 8 ) are also shown to be reflected by observations 
concerning the tensile strength. For these reasons it is believed 
that their correlations with the % elongation are essentially 
independent of their relationships with each other.
7.5.3. Summary.
1. At the lowest strain rate significant correlations were 
observed between the % elongation and the areas of primary bone, 
secondary bone and partial osteons, together with the complete 
osteon/primary bone interface length.
2. At the middle rate of strain similar correlations were 
found with the exception of the secondary bone, area and the 
addition of the total secondary bone/primary bone interface length.
3. Significant correlation was observed with respect to the
area of partial osteons at the highest rate of strain following 
the omission of data corresponding to specimen 013.
4. Inelastic deformation tended to be restricted to the 
vicinity of the final fracture.
5. General trends are detected between certain histological 
components and the % elongation.
(a) Increased % elongation results from an increase
in the area of partial osteons.
(b) A decrease in % elongation results from an 
increase in primary bone area.
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(c) A decrease in % elongation is consistent with
an increase in the complete osteon/primary bone 
interface.
6 . These relationships suggest crack stopping mechanisms to 
be associated with the presence of partial osteons. They also 
suggest the complete osteon/primary bone interface to be 
particularly effective as a source of crack initiation.
7. The relationships provide the basis for the proposed 
mechanism of failure discussed in the following chapter.
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PERCENTAGE ELONGATION
Rate of Strain - 0.001 m m ._
mm,min.
Histological
Parameters
Fracture data Average data
corr. 
coeff,
sig.
level
poly.
degree
corr, 
coeff.
sig.
level
poly.
degree
% Area Complete 
Osteons
- -
% Area Partial 
Osteons
0.958 1^ 2 0.973 1% 2
% Area Secondary 
Bone
0.951 lfo 2 -
% Area Primary 
Bone
0.899 2^ 2 -
% Area Cavities - -
Total Complete 
Osteon Circumference
- -
Average Complete 
Osteon Circumference
- -
Partial Osteon - 
Primary Bone 
Interface
- -
Partial Osteon - 
Partial Osteon 
Interface
- - .
Complete Osteon - 
Primary Bone 
Interface
0.877 5^ 2 0.823 2
Complete Osteon - 
Partial Osteon 
Interface
- -
Total Secondary Bone 
Primary Bone 
Interface
• - -
Total Interface - -
Gross Porosity - -
Table 7.7. Human bona correlation coefficients.
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PERCENTAGE ELONGATION
Rata of Strain - 0,009 mm.
mm,min,
Histological
Parameters
Fracture data Average data
corr. 
coeff.
sig.
level
poly.
degree
corr. 
coef f
sig.
level
poly.
degree
% Area Complete 
Osteons
-
% Area Partial 
Osteons
0.945 1% 2 0.968 1% 2
% Area Secondary 
Bone
- -
% Area Primary 
Bone
0.888 2% 2 0.887 2% 2
% Area Cavities -
Total Complete 
Osteon Circumference - -
Average Complete 
Osteon Circumference
- -
Partial Osteon - 
Primary Bone 
Interface
- —
Partial Osteon - 
Partial Osteon 
Interface
-
Complete Osteon - 
Primary Bone 
TnterfAne
0.991 0.1% 2 0.983 0.1% 2
Complete Osteon - 
Partial Osteon
Interface
- -
Total Secondary Bone- 
Primary Bone 
Interface
0.952 1% 2 -
Total Interface - -
Gross Porosity - -
Table 7,8, Human bone correlation coefficients.
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PERCENTAGE ELONGATION
Rata of Strain - 0.083 mm
mm.min.
Histological
Parameters
Fracture data Average data
corr, 
coeff,
sig.
level
poly.
degree
corr. 
coeff.
sig.
level
poly.
degree
% Area Complete 
Osteons
- -
% Area Partial 
Osteons
+ 0.894 5% 1 -
% Area Secondary 
Bone
- -
% Area Primary 
Bone
- 0.759 - 1 -
% Area Cavities - -
Total Complete 
Osteon Circumference
- -
Average Complete 
Osteon Circumference
- -
Partial Osteon - 
Primary Bone 
Interface
- -
Partial Osteon - 
Partial Osteon 
Interface
- -
Complete Osteon ~ 
Primary Bone 
Interface
-0.804 - 1 -
Complete Osteon - 
Partial Osteon 
Interface
- -
Total Secondary Bone - 
Primary Bone 
Interface
- -
Total Interface - -
Gross Porosity — -
Table 7.9. Human bone correlation coefficients.
Note: Data corresponding to specimen 013 was
excluded in calculating the above coefficients. 
See text for explanation.
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CHAPTER 8 
TENSILE FAILURE IN CORTICAL BONE
8.1. Introduction.
This chapter is concerned with the development of a 
general mechanism of failure in cortical bone subject to tensile 
stresses parallel to the axis of the whele bone, i.e. 
approximately parallel to the general orientation of the osteons.
As stated in the last chapter the existence of the 
mechanism was initially indicated by the observed correlations 
between certain histological features and the % elongation. The 
method of presentation is firstly to consider, in general terms, 
failure in engineering materials, with particular reference to 
the influence of microstructural factors on the mechanical 
behaviour of the gross material. Comparing and contrasting these 
with the observed mechanical behaviour of bone leads to the 
natural development of the proposed mode of failure.
In the following discussion materials are more correctly 
referred to as existing in the brittle or ductile states rather 
than as brittle or ductile materials. This follows, since 
brittleness and ductility are not inherent properties of a 
material. For example, a material that shows a ductile behaviour 
under uniaxial tension may, subject to triaxial tension, exhibit 
a brittle behaviour.
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8.2. General remarks concerning the failure of materials
in tension.
As stated in section 4.4.3. of Chapter 4, the % elongation 
is a measure of the irreversiole extension suffered by a material 
between the limit of elastic behaviour and the advent of final 
fracture. More specifically it is a measure of the ability of 
the bulk material to flow plastically and/or to sustain from 
propagation any microcracks in its structure. In metals some of 
these cracks may already be present whilst others are nucleated 
through plastic deformation. In crystalline materials the 
predominant mechanism of this deformation involves the displacement 
of adjacent atoms in the crystal lattice by a process known as 
slip. With further increase in load, continued slip leads to the 
nucléation of microcracks whose eventual propagation through the 
structure-results in the ultimate failure of the bulk material,
(for a more complete description of the mechanisms involved the 
reader is referred to McClintock-Argon (1956) ).
The propagation of a freshly nucleated microcrack, or the 
growth of a pre-existing one, is not automatically assured since 
the energy of crack initiation can be different to the energy of 
crack propagation. In the case of a material in a purely ductile 
state the energy of crack initiation is less than the energy 
required for its propagation. When a material in such a condition 
is stressed beyond the elastic limit its complete inability to 
propagate microcracks causes plastic flow to continue indefinitely. 
This results in an infinite % elongation and a 100% reduction in 
area. Conversely, a material in a purely brittle state, when 
subject to similar stress intensities, is unable to sustain
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microcrack propagation because the energy of initiation is 
higher than that to maintain propagation. Although the previous 
statement is generally true, the propagation of a nucleated, or 
pre-existing crack is not inevitable, Griffith (1520), in his 
now classical work, recognised that an infinitely sharp, 
elliptical crack growing in such a material subject to a uniaxial
tensile stress normal to the plane of the crack, reaches a point
of instability. At this critical length the increase in surface
energy necessary for the continued growth of the crack can be
supplied by the elastic strain energy from parts of the stressed 
material through which the crack advances. It has been shown that 
a freshly nucleated crack will almost always be long enough to 
satisfy Griffith's equation and its instability will therefore 
result in its self-propagation, McClintock-Argon (1966). In 
addition, when the Griffith equation is satisfied and a crack 
begins to propagate, the stress concentration due to the 
elongating crack steadily increases. The released clastic energy 
exceeds the surface energy by increasing amounts, so that the 
crack front accelerates and reaches a very high speed in a 
relatively short time. Hence a cleavage crack, once initiated, 
will accelerate through the structure provided it encounters no 
obstacles capable of stopping it. In the absence of such obstacles 
the fracture point coincides with the elastic limit and results 
in zero % elongation and no reduction in area.
The growth of already existing cracks in a material whose 
state is essentially brittle, or the propagation of those 
nucleated by plastic deformation, does not necessarily result in 
the failure of a large section. This is because most real
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materials contain elements within their structures that form 
natural barriers to advancing crack fronts. These elements, or 
crack arrestors, stop the propagation of a microcrack by 
effectively dissipating the energy of the crack tip. A crack, 
once stopped, can only be restarted by increasing the energy 
level of its tip to that required for its re-initiation. The 
only available source for the derivation of this additional energy 
is the work done on the bulk material by the external load. An 
increased energy input required to re-initiate the halted crack, 
or nucleate new ones, demands further deformation which in turn 
increases the measured % elongation. The more crack arresters 
present in the structure (or an increase in the sensitivity of 
the same number) the higher the subsequent % elongation since 
the probability of advancing crack fronts being halted is 
correspondingly increased. Conversely, the increased presence 
or sensitivity of elements which aid crack initiation must 
ultimately reduce the % elongation since they effectively lead 
to the situation where there are more cracks to be stopped.
8.3. The brittle nature of cortical bone.
As implied in the previous section the purely ductile and 
purely brittle states tend to be associated with ideal materials. 
Real materials lie somewhere between these extremes with % 
elongations in the order of 30 - 70% being typical for metallic 
structural materials.
The low % elongation observed in bone (up to about 3%) 
coupled with the imperceptibly small reduction in area is an 
indication of its essentially brittle state at the conditions of
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temperature, moisture content and range of strain rates involved 
in the experimental procedure.
8.4. Proposed mechanism of failure.
The essentially brittle nature of bone indicates the 
mechanism of failure to be very much concerned with the nucléation 
and subsequent propagation of microcracks within the structure.
The correlations between the % elongation and the structural 
components are of particular interest because it is thought they 
illustrate which phases in cortical bone impede the progress of 
microcracks (i.e. increase the % elongation) and which phases 
allow their progress.
%t will be recalled that an increase in the area of partial 
osteons resulted in an increase in the % elongation whilst an 
increase in the primary bone area caused its corresponding decrease, 
It follows that differences between the partial osteons and the 
primary bone must be responsible for the crack arresting 
properties associated with the former. The main differences 
between the two types of tissue may be summarized as follows:-
1. Primary bone has a higher absolute mineral density 
than partial osteons.
2. Assuming a uniform distribution of collagen, then 
primary bone also has a higher mineral/collagen 
density ratio than partial osteons.
3. There is a complete absence of cementing lines in 
primary bone whereas partial osteons have an 
abundance.
- If the observed correlations between the % elongation and
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the primary bone area were a function of its relatively high 
mineral density, then opposite correlations would be expected 
with the area of complete osteons since these represent the 
regions of lowest mineral density. In the absence of such 
correlations it must be concluded that the crack arresting 
properties of the partial osteons are not primarily a function 
of their mineral content. By a similar argument the mineral/ 
collagen ratio must also be rejected since the high and low ratios 
are again associated with primary bone and complete osteons 
respectively. Whilst it is recognised that the collagen fibres 
themselves are capable of acting as crack arrestors (through the 
same mechanisms as voids, see section 8.5.4.) there is no evidence 
to suggest that the amount of collagen in partial osteons is any 
different to the quantity in complete osteons. On this basis 
then, the crack arresting abilities of partial and complete osteons 
should be very similar. From the observed correlations this is 
clearly not the case and the differences, if any, in the relative 
concentrations of collagen must be rejected as the primary factor.
The remaining components which constitute a marked 
difference between the microstructures of primary bone and partial 
osteons are the cementing lines. Because of their generally 
longitudinal orientation within the bone, cementing lines act as 
natural barriers to transversely propagating microcracks (see 
section 8.5.2.), and their abundance within the area of partial 
osteons is suggested as being responsible for the crack arresting 
properties exhibited by the phase.
Whilst it is believed that cementing lines have a natural
- 227 -
propensity to halt the progress of transversely propagating 
microcrackS; there is also evidence to suggest that they may, to 
varying degrees, constitute sites of crack initiation and thus 
act as sources of weakness in the bulk material. This is deduced 
from the observed reduction in the % elongation with increased 
complete osteon/primary bone interface length. The contrasting 
mineral densities across the interface not only indicate the 
effect to be most prevalent in such interfaces, but also suggest 
the mechanism by which crack initiation occurs.
The mechanism of crack arrest and initiation in cementing 
lines will be considered in the next section.
Although voids in the structure are also able to act as 
efficient crack arrestors and initiators they cannot be responsible 
for the arresting properties of partial osteons as they are not 
specific to that area.
The proposed mechanism of tensile failure in longitudinally 
orientated specimens of cortical bone can be summarized so far, as 
follows: between the elastic limit and the advent of final 
fracture, plastic deformation leads to the eventual nucléation of 
microcracks in the structure. Due to the essentially brittle 
behaviour of bone, and assuming they satisfy Griffith's criterion 
(or more probably a modified form of the criterion) the cracks, 
once nucleated, will propagate. The pre-existance of such cracks 
cannot be ruled out and in such cases strain in the elastic 
region serves to increase their energy levels to a value at which 
they will spontaneously propagate.. Cracks in primary bone are 
able to spread with relative ease whilst those running through
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secondary bone, or spreading from primary to secondary regions, 
tend to be halted by the abundance of cementing lines in the 
partial osteons.
Although not specifically relevant to the present 
discussion it is worth noting that the natural existance of 
microcracks in bone is far from being adequately Established. 
Currey (1962) stated that Frost, (Bechtel (l959)), had 
demonstrated the existance of cracks in bone in which there were 
no visible signs of fracture, but was unable to discover such 
cracks for himself. However, as pointed out by Currey, very 
small cracks in bone are difficult to detect simply because they 
are virtually indistinguishable from structural features such as 
canaliculi and cementing lines.
Piekarski (l970) estimated the critical crack length 
according to Griffith's theory (if it may be confidently applied) 
to be approximately 1.3mm. Pre-existing cracks of such lengths 
could certainly be accommodated in the whole bone but their 
presence as natural features is thought to be unlikely since it 
is difficult to see their physiological function, and 
mechanically, their presence can only be considered as detrimental, 
Indeed, Currey (1962) postulated that the stimulus for remodelling 
might arise from such crocks entering osteocyte lacunae which he 
showed to be uniformly distributed approximately 50U apart. The 
probability of a crack as long as 1.3mm. entering at least one 
lacuna is, of course, very high.
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8.5. Crack initiation and arrest.
8.5.1. Cementing lines as sites oF crack initiation.
Several investigators; Haj and Taojari (l937), Dempster 
and Coleman (i960), Evans and Bang (l966), have noted the tendency 
For cracks to follow the curvature of the cementing lines 
surrounding Haversian systems rather than crossing into their 
lamellae. These observations have led to the cementing lines being 
considered as regions of relative weakness. This influence has, 
to some extent, been justified by the reduction in the tensile 
strength of cortical bone, noted by Sweeney (1965), following 
the removal of the collagen. In radially or tangentially 
orientated specimens the cementing lines tend to lie 
perpendicularly to the applied stress and in this respect they 
constitute natural planes of weakness. The presence of cementing 
lines thus orientated almost certainly contributed to the marked 
reduction in the tensile strength in both the radial and 
tangential directions noted amongst others, by Dempster and 
Liddicoat (1952) and Sweeney (196S). However, in longitudinally 
orientated specimens, the cementing lines, now lying approximately 
parallel to the applied stress, are clearly unable to act as 
sources of weakness in the same manner.
Cementing lines form the mutual interface between adjacent 
areas of tissue whose mineral densities usually differ. In 
section 7.2. of Chapter 7 it was deduced that regional variations 
in mineral density modify the local elastic modulus. This was 
argued on the basis of the marked reduction in the parameter 
noted by Sweeney (1965) following décalcification. At stress
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levels below the elastic limit it is not unreasonable to assume 
that the structural integrity of the bulk material is maintained. 
This implies a compatibility of strains which result in shear 
stresses being induced in the cementing lines; the magnitude of 
these stresses being a function of the modular contrast across 
the interface. From Sweeney's findings it is logical to expect 
that the higher the local mineral density the higher the local 
elastic modulus; the converse also being true. It follows then 
that the highest interfacial shear stresses will occur in those 
cementing lines separating areas of maximum mineral density 
contrast, i.e. the complete osteon/primary bone interfaces. 
Similarly, relatively low shear stresses tend to be associated 
with the partial osteon/partial osteon interfaces where the 
contrast in mineral density is less marked (or in some cases 
even non-existent). For a given tensile load in the bulk material 
it also follows that the combination of shear and tensile stresses 
results in a maximum principal stress which tends to be greatest 
in the complete osteon/primary bone interfaces and least in the 
partial osteon/partial osteon interfaces.
It is proposed that the crack initiating capacity of the 
complete osteon/primary bone interface, suggested by its negative 
correlation with the % elongation, is a direct result of the 
premature failure of these interfaces caused either by the 
relatively high shear stresses, or similarly high principal 
stresses, induced within them. More generally, it is believed 
that all cementing lines possess some potential to act as crack 
initiators, the extent of which depends upon the mineral density 
contrast across them.
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Variation in the rate of strain, whilst not affecting the 
proposed mechanism of crack initiation, is thought to modify the 
sensitivity of cementing lines to act in this capacity. The 
degree of the modification, again related to the mineral density 
contrast, is associated this time with its effect on rates of 
stress relaxation. The role of stress relaxation will be discussed 
later when its effects on both initiation and arrest in cementing 
lines and voids can be included.
8.5.2. Cementing lines as sites of crack arrest.
The positive correlation between the % elongation and the 
area of partial osteons was considered to be an indication of a 
crack arresting mechanism to be active in the phase. This was 
shown in section 8.4. to be connected with the cementing lines.
The mechanism is most probably analogous with that in composite 
materials proposed by Gordon and Cook, Gordon (1968), and is 
schematically illustrated in Fig. 8.1. In a longitudinally 
orientated specimen the cementing lines run approximately parallel 
to the polar axis and, under tensile loading, tend to be 
perpendicular to transversely propagating microcracks. Gordon and 
Cook suggested that such interfaces effectively deviate the crack 
into the relatively harmless direction of the applied stress 
where it is soon brought to rest by the dissipation of its energy.
Unlike their crack initiating capacity, it is believed 
that this mechanism applies to all cementing lines of similar 
orientation regardless of the states of the tissues either side 
of them.
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(b O  CL
O  U)
direction of
propagation
Crack a r re s t  by voids
Crack arrest  by in te r face s  
(a f te r  Gordon and Cook)
Fig.8.1. Mechanisms of crack a r res t  by voids and in ter faces 
In both cases the a tomica l ly  sharp crack t ips are 
effect ive ly  blunted on contact  v/ith the obstacles.
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8.5.3. Voids as sites of crack initiation.
The introduction of a discontinuity, e.g. a cavity,into 
a uniform stress field has the immediate effect of intensifying 
the stress level in the locality of the discontinuity. At 
relatively low nominal stress levels therefore, stresses above 
the elastic limit can easily be induced around the stress 
concentrators. This results in the nucléation of microcracks 
whose eventual propagation leads to premature failure of the bulk 
material. It was to this weakening effect that reference was 
being made when, in Chapter 7, the reduction in tensile strength 
with increasing area of cavities was shown to be attributable to 
rather more than a simple reduction in the area of load-carrying 
matrix.■
The magnitude of such stress concentrations depends upon 
the orientation and configuration of the discontinuities, and 
probable values of stress intensity factors for osteocyte 
lacunae, canaliculi and Haversian canals have been estimated by 
Currey (1962). He considered canaliculi and Haversian canals to 
be approximately cylindrical in cross section and, taking 
advantage of stress intensity factors already derived for such 
geometries in engineering materials, suggested maximum factors 
of 3 when the structural features were most disadvantageously 
orientated, i.e. with their axes perpendicular to the applied 
stress. A similar stress concentration factor is most probably 
applicable to the extra-canalicular porosity which, according to 
Vose (1963), occurs in the form of truncated canals ranging from 
200 to 1500% in diameter. By approximating osteocyte lacunae to 
ellipsoids, Currey estimated their stress intensity factors to
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vary between 2.5 and 6, depending upon orientation; the high 
Factor corresponding to the situation where the diameter lies 
normal to the applied stress. Currey also pointed out that the 
osteocyte lacunae, potentially the most dangerous, tend to be 
orientated most Favourably to tensile stresses, i.e. with their 
diameters parallel to the longitudinal axis of the bone. This 
effectively lowers their stress concentrating effect tu the 
level of the canals. Such an orientation is apparent in Fig.2.1. 
of Chapter 2 where a lacuna lies coplanar with the lamellae which 
themselves lie approximately parallel to the direction of the 
polar axis of the bone.
From Currey's findings it would appear that the stress 
intensifying effects of lacunae, canaliculi and Haversian canals 
are not, in general, particularly high except in the cases of the 
relatively few lacunae whose disadvantageous orientations possibly 
double their stress intensity factors and so increase their 
weakening effect.
In the present work it is of interest to note that although 
the gross porosity showed no significant correlation with the 
tensile strength, the area of cavities showed a marked weakening 
effect at both bhe middle and highest rates of strain. Comprising 
the area of cavities were Haversian canals, formation and 
resorption cavities. Formation cavities, as shown in Fig.2.10 of 
Chapter 2, are essentially immature Haversian canals and as such 
it is not unreasonable to assume their stress intensity factors 
to be of similar magnitude. Resorption cavities however are 
quite different. Fig. 2.9. of Chapter 2 demonstrates how
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osteoclastic action renders their peripheries ragged and 
discontinuous. Many stress concentrations must inevitably result 
from this situation. Some of these are probably very high, 
particularly those at the tips of deep projections into the 
matrix resulting from intense localized resorption.
It is suggested that the weakening effect of the area 
of cavities is mainly attributable to the presence of the 
resorption cavities. It is further proposed that the apparent 
non-significance of the gross porosity (which included the 
resorption cavities) indicates the tendency for the other voids 
to act in their inherent capacity as arrestors, rather than 
initiators, and so masking or diluting the effect of the 
resorption cavities.
Whilst it is recognised that the gross porosity is an 
'average* measure of the gauge length, it is considered to be 
directly comparable with the area of cavities (a measure specific 
to a particular cross section) since Currey (1952) showed the 
lacunae and by inference, their associated canaliculi, to be 
uniformly distributed throughout the gross structure.
8.5.4. Voids as sites of crack arrest.
Although the mechanism of crack arrest by cavities is common 
to all materials it has been discussed with specific reference to 
bone by Currey (l952). Basically the mechanism involves the 
transformation of an atomically sharp crack tip into one with a 
relatively large radius following its entry into a cavity, see 
Fig. 8,1. This sudden but effective blunting of the crack is,
in most cases, sufficient to halt its further progress,
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McClintock-Argon (1965).
All cavities, like cementing lines, are able to act as 
efficient crack stoppers although it is difficult to know whether 
the large cavities are more effective than the small ones. 
Certainly, a crack entering a small cavity is blunted to a lesser 
extent than on entering a large one; but in bone of course,the 
ratio of small to large cavities is very high.
In the present investigation the only evidence to suggest 
that voids act as crack arrestors was their possible dilution of 
the initiating effects of the resorption cavities mentioned in 
the previous section. None of the observed correlations between 
the histological and mechanical data adds to this meagre evidence, 
and, in this situation, it might be concluded that the voids have 
only a minimal crack arresting capacity in bone.
8.6. Stress relaxation and its effect upon crack initiation.
In section 8.5.3. the capacity of discontinuities, such as 
voids, to intensify local stress levels was discussed. Localized 
stress relaxation in these regions must effectively reduce the 
magnitude of such concentrations which in turn reduces their 
sensitivity as crack initiators. In situations where extensive 
stress relaxation is able to occur such discontinuities become 
increasingly ineffective as sources of weakness.
At the highest rate of strain where little time was 
available for relaxation to take place,the histological/mechanical 
correlations indicated the area of cavities to constitute the 
primary source of weakness. Table 7.3. of Chapter 7. Progressive 
stress relaxation is suggested as being mainly responsible for
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the consistent reduction in the level oF significance between the 
tensile strength and the area of cavities from 2^ at the highest 
strain rate to non-significant at the lowest.
In addition to stress relaxation, the effect of localized 
plastic flow cannot be ignored. Unlike relaxation, plastic flow 
occurs only at stress intensities above the elastic limit. Since- 
the nature of bone is essentially brittle, the contribution of 
plastic flow to the relief of stress concentrations is probably 
small compared to that of relaxation. Plastic flow occurs over 
a finite time and thus becomes increasingly effective as rates of 
deformation are reduced.
In the cage of microcracks originating from cementing 
lines, stress relaxation tends to have the reverse effect. In 
section 8.5.1. the maximum principal stress (or shear stress) was 
suggested as being responsible for their weakening effect. The 
magnitude of the shear stress was postulated to be a function of 
the contrast in elastic moduli across the interface caused by the 
relative levels of mineral density between the adjacent areas of 
tissue. In addition to modifying local elastic moduli, regional 
variations in mineral density were suggested, in section 7.2. of 
Chapter 7, as affecting local stress relaxation times. The 
increased rate of stress relaxation in the region with the lower 
mineral content relative to that of the more highly mineralized 
adjacent region, tends to increase the shear stress in the 
interface separating them. This results in a distinct tendency 
for the maximum principal stress (or shear stress) in a given 
cementing lino to increase with progressive stress relaxation.
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This situation is thought to be reflected in the correlations 
between the complete osteon/primary bone interface and the ^ 
elongation where the lack of stress relaxation is believed to 
be responsible for the loss in significance at the highest rate 
of strain.
The foregoing argument implies that whilst cementing lines 
are least effective in situations where little stress relaxation 
is able to occur, they become increasingly effective as sources 
of weakness in conditions of progressive stress relaxation. At 
the highest rate of strain, where relaxation tended to be 
minimal, the absence of significant correlations between the 
cementing lines and the tensile strength is consistent. This 
consistency is maintained by the establishment of such correlations 
at the middle strain rate where the rate of deformation enabled 
a relative increase in relaxation to occur during the test. It 
follows then, that the weakening effect of the cementing lines 
should be even more apparent at the lowest rate of strain.
Rather than enhancing the correlations between the cementing 
lines and the tensile strength. Table 7.1. shows that the 
reduction from the middle to the lowest strain rate has reduced 
them to the level of non-significance. This suggests that the 
cementing lines (including the complete osteon/primary bone 
interface) have lost their ability to initiate crocks. This 
however, is not supported by the observed relationships with the 
% elongation where significant correlations with respect to the 
complete osteon/primary bone interface indicates a crack initiating 
effect to be associated with its presence at both the middle and 
lower rates of strain.
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It is realised that plastic flow within the cementing 
lines is able to make some contribution in reducing their 
initiating capabilities; this being particularly so at the lowest
strain rote where its counteractive effect tends to he the
greatest. To some extent this is supported by the reduction in 
the level of significance between the complete osteon/primary 
bone interface and the % elongation from the middle to the lowest
strain rate as shown in Tables 7.8. and 7.7. However, the
particularly brittle nature of the cementing lines makes it 
unlikely that the effect can be attributable to plastic flow alone, 
and an explanation might be found in the regional and relative 
rates of stress relaxation. Up to the present time no quantitative 
data is available on these aspects.
Clearly then, although stress relaxation and plastic flow 
are contributory factors in influencing the initiating sensitivity 
of cementing lines at different rates of strain, their inability 
to provide a satisfactory explanation to all observations 
indicates that the mechanism is not fully understood. It is 
believed that little progress will result without more specific 
knowledge of the mechanical effects of regional variations in 
mineral density.
8.7. The effect of strain rate on crack arrest.
For completeness, the effect of strain rate on the 
efficiency of an obstacle to act as a crack arrester should be 
mentioned. The effective enlargement undergone by a crack tip 
subsequent to its meeting an obstacle requires the immediate input 
of energy if its propagation is to continue. At high rates of
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strain the rate of energy input into the material is corresponding­
ly high. This intensifies the stress field around the propagating 
crack which in turn increases the available supply of strain 
energy. Hence, at high rates of strain, the propagating crack has 
correspondingly higher reserves of strain energy which enhances 
its probability of crossing a given arrester without being stopped.
This aspect is very closely connected with the previous 
section in that a crack running into a void for example, has in 
effect, to be repropagated. This is encouraged at high strain 
rates since stress relaxation and plastic flow have relatively 
little time in which to relieve stress concentrations around the 
new crack tip.
The effect of increased strain rate on crack arrest tends, 
therefore, to be twofold. Firstly, to enlarge the reservoir of 
strain energy from which the surface energy requirements of the 
enlarged crack tip can be supplied; and secondly,to effectively 
reduce the rate of stress concentration relief around the new 
crack tip.
From the foregoing it follows that the enhanced crack 
arresting efficiency of the cementing lines, indicated by the 
increased level of significance of the respective correlations 
between the area of partial osteons and the % elongation, from 
the highest to the middle rate of strain is consistent, (Tables
7.9. and 7.8.). This consistency is not maintained, however, 
since the corresponding significance level at the lowest strain 
rate (Table 7.7.) is the same as that at the middle strain rate 
which indicates no improvement in arrest sensitivity.
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Although the mechanisms responsible for this are not understood, 
they are probably similar to those responsible for the reduction 
in initiating sensitivity between the same two strain rates.
8.8. Percentage elongation and its relative independence
of strain rate.
The relative insensitivity of the ^ elongation to variation 
in the rate of strain, first discussed in the last chapter, was 
based primarily on the observation that at all strain rates, 
correlations with the ^ elongation involved the same histological 
components. However, within this framework, differences in the 
relative levels of significance for correlations between a given 
histological component and the ^ elongation at different rates of 
strain are thought to be indicative of a certain degree of 
sensitivity. The apparent inconsistency of the % elongation’s 
magnitude (i.e. low at the middle strain rate and high at both 
upper and lower rates) might, to some extent, be explained by this 
limited, but nevertheless, detectable sensitivity. Table 7.8. 
of Chapter 7 shows that the complete osteon/primary bone interface 
and the area of partial osteons correlated with the % elongation 
at significance levels of 0.1% and 1% respectively, thus attaching 
certain sensitivities to the initiating and arresting effects.
At the highest rate of strain the corresponding significance 
levels dropped to non-significant and 5% respectively, which 
indicates a reduced sensitivity to arrest and an even greater 
reduction to that of initiation. In this situation the greater 
magnitude of the % elongation at the highest rate of strain might 
be expected. (This follows from section 8.2. where the effects on
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the % elongation of changes in sensitivity to crack initiation 
and arrest were considered). At the lowest rate of strain the 
reduction in the crack initiating effect, coupled with the 
maintenance of the arresting effect, is again consistent with 
the increase in the magnitude of the % elongation relative to 
that at the middle strain rate, see Table 4.5. of Chapter 4.
Interestingly, the present work is not unique in recording 
a minimum in the magnitude of the % elongation. Piekarski (1968) 
reported a similar observation although at a strain rate 
approximately an order of magnitude higher than that in the 
present study.
Of necessity the contsnts of this section are of a 
speculative nature and must remain so until further work reveals 
information on regional variations in mechanical behaviour.
0.9. Additional comments.
1 . If the weakening effect of the area of cavities was purely
attributable to their ability to function as crack initiators 
then a negative correlation ought to have occurred between them 
and the % elongation, particularly at the highest strain rate 
where their initiating sensitivity was most well defined.
Tables 7.7. to 7.9. show no such correlations to have occurred.
It is believed that the reduction in area of load carrying bone, 
resulting from the presence of cavities, whilst not constituting 
the most important factor in reducing the tensile strength (see 
Chapter 7) compliments their crack initiating effect and thereby 
assists in establishing them as sources of weakness.
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2. The discussion on crack initiation and arrest was
restricted to voids and cementing lines. This was because the 
correlations indicated the mechanisms to be active at those sites. 
It must not be inferred that these are the only sites capable of 
such functions. Other sources of initiation might include:- 
modular differences between collagen fibres and adjacent apatite 
crystallites, Currey (l962); a similar contrast between osteon 
lamellae and interlamellar cementing zones; junctions between 
cementing lines, and all other sites of stress concentrations. 
Conversely, like voids, the presence of collagen fibres almost 
certainly assists in crack arrest and the relatively brittle 
interlamellar cementing zones most probably function, in the 
same way as cementing lines, as crack deviators. As an example 
of the latter. Fig.0.2. illustrates how a failure crack, initially 
traversing an osteon, was finally diverted into a direction 
parallel with the lamellae.
Although these sites are not discussed in detail it is 
thought that their respective mechanisms of initiation and arrest 
are most probably similar to one of those examined in connection 
with voids and cementing lines.
3. It will be recalled that no significant correlations were
observed between the histological features and the % elongation 
in the bovine analysis which, at the time, was thought to 
indicate either the non-dependence of the parameter on the 
microstructure at the osteonic level, or its non-dependence at 
the particular strain rate used. Subsequently revealed factors 
concerning the inability of primary bone to sustain microcrack
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fig.8.2. Stereoscan micrograph of a fractured osteon.
Bending failure of a single osteon caused by applying 
a transverse force to its free end. Note how the plane 
of failure is finally deviated into a direction 
parallel to the lamellae where its energy is dissipated 
and hence bringing it to rest.
(The osteon, originally structurally intact, was left 
projecting from the fracture surface following a 'pull 
out' type failure produced by controlling the rate of 
final fracture, see Piekarski (l968).)
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propagation, suggests a more probable explanation which accounts 
for a relaxation in the bovine significance levels whilst not 
precluding a similarity in fracture mechanisms.
Consider a test specimen containing a given quantity of- 
primary bone. If that quantity is distributed in isolated pockets 
throughout the total structure, then propagation of a microcrack 
through one such pocket will not reduce the load carrying area 
to any great extent. Conversely, if the primary bone is 
concentrated in a single locality, or in several interconnected 
areas, then the possibility of a microcrack propagating to a much 
larger area is considerably increased. It follows that the 
remaining area will be less likely to be able to support the load 
and so increases the probability of final fracture with an 
associated depression in the magnitude of the % elongation.
The majority of bovine test specimens contained a 
predominance of primary tissue, most of which was interconnected. 
Clearly, in these circumstances, a variation in primary bone area 
(whilst maintaining the overall predominance) must be of secondary 
importance, since its failure will almost certainly reduce the 
cross-sectional area sufficiently to result in final fracture.
In addition, the failure of increasing quantities of primary bone 
could effectively result from a random number of microcracks 
because the areas were again interconnected. Since the structural 
components of both bovine and human tissue are similar, there is 
no reason to believe that their mechanisms of failure should be 
different. The foregoing considerations do not preclude such a 
possibility but show that the predominance and interconnection 
of the primary tissue in the bovine specimens allow considerable
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relaxation of the significance levels between the histological 
components and the % elongation. The low % elongation observed 
in the bovine analysis (approximately 50% of that of the human 
test specimens) is consistent since the reduction in cementing 
lines and hence crack arrest capacity, is directly attributable 
to the predominance of primary bone.
This again raises the whole question of the effects of 
the distribution of areas of different mineral densities on the 
mechanical properties in general. It is envisaged that these 
aspects will form the basis of future work and Appendix II 
describes a partially developed technique for the measurement of 
micro-mineral density levels from microradiographs similar to 
those used in the present investigation.
4. Hert at al (1965) found the compressive strength, impact 
bending strength and microhardness of Haversian bone to be the 
same or less than the corresponding properties of primary bone. 
Supported by a similar observation made by Currey (1959), but
concerning the tensile strength, they concluded that the 
mechanical qualities of Haversian bone in no way surpass those 
of primary tissue. Whilst the results of the present investigation 
support the findings of Currey (see Chapter 6), the suggested 
absolute mechanical superiority of primary bone does not 
necessarily follow.
Secondary tissue, although less strong than its counterpart, 
appears to be of sufficient strength to withstand the loads 
imposed upon it by muscle action during normal movement since 
mature bones rarely exhibit spontaneous fractures. (The exception
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to this is generally to be found in osteoporotic bones where the 
increased area of cavities, as shown in the present results, 
reduces the tensile strength). During the course of normal 
function, bones must frequently be subjected to accidental over­
loads in which local stress levels momentarily exceed, certainly 
the elastic limit, and probably the static tensile strength of 
either Haversian or primary bone. In some cases the overload may 
be so great that complete structural failure occurs, whereas in 
less severe cases the overload may only result in the nucléation 
of microcracks. In a primary structure the propagation of such 
cracks is much more likely to lead to complete failure than if 
the structure is predominantly of Haversian tissue because of the 
letter's enhanced ability to sustain microcrack propagation.
Once propagation has been halted, remodelling of the damaged area 
can take place and so restore the structure to its original 
integrity. Therefore, although the ultimate strength of primary 
bone may be greater than that of secondary tissue, the increased 
toughness of the latter is thought to be a considerable improve- 
ment.
It is not suggested that the primary reason for the 
transformation of primary to secondary tissue is to improve the 
toughness but, as postulated by Hert, the most likely reason 
results from a nutritive demand; the increase in toughness being 
a consequential advantage.
8.10. Summary.
1. A mechanism of tensile failure in longitudinally orientated
specimens of cortical bone is presented.
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Between the elastic limit and final fracture, limited 
plastic flow leads to the nucléation of micrucracks in the 
structure. Correlations between the tensile strength, the % 
elongation and certain histological components indicate the 
ability of cavities and cementing lines to act as sources of 
crack initiation and hence constitute sources of weakness. In 
addition, other correlations suggest the inability of primary 
bone to sustain microcrack propagation, whilst cracks running 
through secondary bone tend to be halted by crock arresting 
mechanisms associated, in particular, with the presence of 
partial osteons. By comparing the differences between primary 
bone and partial osteons the arrest mechanism is shown to be 
attributable to the abundance of cementing lines associated with 
the latter. There is also indirect evidence to suggest that voids, 
like cementing lines, act as crack arrestors.
2. General mechanisms of crack initiation and arrest by
cementing lines and voids are discussed.
(a) Crack initiation in cementing lines is suggested 
as arising either from high maximum principal 
stresses or similarly high shear stresses induced 
in a given interface by the maintenance of a 
compatibility of strains between adjacent areas of 
different elastic moduli. The magnitude of the 
maximum principal stress, and hence the sensitivity 
of the interface to crack initiation, is largely a 
function of the modular contrast across it.
(b) Initiation by voids, discussed by Currey (1962), is
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considered to arise in the classical manner from 
stress concentrations around the discontinuity.
The main sites of initiation, with respect to voids, 
are thought to be the ragged peripheries of the 
resorption cavities.
(c) The mechanism of crack arrest by cementing lines is 
thought to be similar to that which is operative in 
the interfacial regions of fibre composites as 
proposed by Gordon and Cook, Gordon (l968). A 
transversely propagating microcrack, on meeting an 
interface orientated approximately perpendicular to 
its path, is diverted into the weak or more brittle 
interfacial region and hence into the relatively 
harmless direction of the applied stress.
(d) Crack arrest by the voids in bone is again thought
to follow the classical concept whereby the atomically 
sharp tip of a propagating crack is blunted on 
entering a void. The associated dissipation of energy 
may then prevent further progress.
3, The respective sensitivities of both cementing lines and
voids to act as initiators and arresters are thought to be modified 
by progressive stress relaxation and plastic flow associated with 
a decreasing rate of strain.
(a) Crack arrest by both cementing lines and voids are
affected to a limited extent by strain rate. At high 
rates of strain the increased rate of energy input 
intensifies the stress field around the propagating
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crack fronts and encourages them to traverse obstacles 
in their paths without undergoing arrest.
(b) Both stress relaxation and plastic flow assist in 
reducing stress concentrations around voids and thus 
reduce their initiating sensitivity. This is 
reflected in the consistent reduction in the levels 
of significance between the area of cavities and the 
tensile strength with decreasing rates of strain, 
(Tables 7.1. to 7.3.).
(c) Regional variations in stress relaxation modify the 
sensitivity of crack initiation by cementing lines 
as follows: Across a particular cementing line the 
instantaneous modular differential is increased by 
the relatively faster relaxation of the region of 
lower mineral density. The effect of plastic flow 
is still to relieve concentrations of stress, and 
therefore opposes relaxation; the brittle nature of 
bone indicates its contribution to be relatively 
small. With a decreasing rate of strain it is 
proposed that progressive stress relaxation results 
in cementing lines becoming increasingly effective 
as sources of weakness.
4. Failure of purely qualitative considerations of progressive
stress relaxation and plastic flow to explain apparent 
inconsistencies regarding crack initiation at the lowest strain 
rate, indicates that the mechanism is not fully understood. This 
is particularly so when rates of deformation are very low. It is
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believed that further elucidation will only result from a 
quantitative knowledge of regional and relative rates of stress 
relaxation.
5. At high rates of strain, clinically the most relevant, 
the primary source of weakness appears to be the physiological 
cavities. The implications, with respect to osteoporotic
conditions, are obvious.
6. The ability of secondary tissue to sustain from propagation,
microcracks nucleated from inevitable mechanical overload, is 
thought to have a certain advantage over primary tissue which is 
relatively more brittle.
7. Attention is drawn to the necessity of a quantitative 
investigation into regional variations in mineral, and perhaps 
collagen, density levels and their effects on the localized 
mechanical behaviour of the tissue.
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CHAPTER 9 
MEASUREMENT OF GROSS POROSITY
9.1. Introduction.
The possible mechanical significance of the cavities 
in bone was first suggested during the analysis of bovine test 
specimens by the pronounced reduction in tensile strength 
consistent with an increase in the proportion of complete 
osteons. This led to the Haversian canals, resorption and 
formation cavities being included in a separate group in the 
human bone analysis. Subsequent correlations showed the area of 
cavities to be influential in controlling the tensile strength, 
particularly at high rates of strain. Because of the clinical 
significance of this, and recognising the crack initiating 
capacities of all such voids, it was decided to attempt to measure, 
and include in the investigation, the total pore volume.
In the past, estimates of pore volume fraction have 
largely been based on the observed loss in weight through 
evaporation following a drying operation. Such measurements have 
indicated the porosity of bone to be in the region of 20%, see 
for example. Best and Taylor (1950), Robinson (1957) and Piekarski 
(1958). If this technique was used in the present work the test 
specimens would initially have to be rehydrated. Even assuming 
that the partially air filled vascular canals and nutrient 
pathways could be successfully refilled with water, which is 
cetainly not assured; the possibility of over hydration or mineral
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dissolution, Robinson (1957), introduces unknown errors. There 
is also some evidence to suggest that the total porosity may be 
rather higher than that estimated by simple evaporation.
Vose (1963) reported a fine extra-canalicular porosity which 
Piekarski (1968) estimated (from one of Vose's photomicrographs) 
to be in the order of 40%. Piekarski also pointed out that the 
generally lower values measured by drying might be explained by 
many of these pores having constricted or even closed entrances.
To some extent this is consistent with an observation made by 
Robinson (1957) who noted that the constant weight to which 
specimens finally dried was affected by the method of drying.
With these considerations in mind an apparatus was designed, 
primarily to measure the porosity of the human bone test 
specimens, but versatile enough to enable an investigation into 
the effects of methodsof drying etc. on the magnitude of the 
measured porosity to be carried out at a future date.
9.2. Porosity measurement.
The design of the apparatus was based upon two industrial
methods of measuring porosity in rock samples. The first of these 
employs the principle of gas expansion. By enclosing the specimen, 
of known bulk volume, in a container of known volume, under a 
known gas pressure, and connecting this with an evacuated 
container of known volume, the pore volume can be calculated from 
the observed pressure change using standard gas laws. An inherent 
disadvantage of this technique is that the final result depends 
upon the degree of accuracy to which the absolute magnitudes of 
pressures and volumes can be measured. To a large extent this
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is overcome in the second method which uses mercury injection.
At atmospheric pressure the surface tension and non-wetting 
properties of mercury allow the immersion of a porous material 
without entry of mercury into its pores. By closing the chamber 
containing the sample and applying a high hydrostatic pressure, 
mercury will be forced into the pores and, assuming the air trapped 
in them is compressed to a negligible volume, the pore volume 
equals the volume of mercury injected. Errors naturally arise 
from the small but finite volume of entrapped air, but the 
advantage of this method is that pore volume is determined by one 
measurement involving only a change in volume and therefore 
requires no precise knowledge of absolute volumes and pressures.
For more detailed information regarding these techniques the 
reader is referred to Collins (1961), Chapter 1.
The present apparatus which incorporates certain features 
from each of the above techniques, requires no knowledge of 
absolute volumes and pressures, and, by employing negative gas 
pressures rather than positive mercury pressures, obviates 
possible errors arising from entrapped air.
9.3. Description of the apparatus.
The apparatus, a general view of which is shown in Fig.9.1., 
consisted of a specimen chamber (A ) isolated from, but connected 
to, the vacuum and measuring systems by stopcocks (C) and (o) 
respectively. One end of the specimen chamber, see Fig. 9.2., 
was integral with the main capillary line incorporating the two 
stopcocks, whilst the other end, through which the specimens were 
^inserted, was fitted with a spherically seated plug. Since the
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Fig. 9.1. 
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rig.9.2. An enlarged view of the specimen chamber (A). 
The spherically seated plug at the lower end of the 
chamber can be removed to enable insertion of the 
specimen.
The chamber is isolated from, but connected to, the 
measuring and vacuum systems by stopcocks (b ) and (C) 
respectively. With them set as shown, the chamber is 
exposed to the vacuum system and isolated from the 
measuring system.
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change in volume was measured over the total volume between 
stopcocks (B) and (C), the connecting capillary tube, whose only 
function was to provide a connection for the specimen chamber, 
was made as short and of as small a diameter as possible.
The vacuum was produced and maintained by a rotary pump 
(not shown) and continuously monitored on a gauge connected to 
the sensing head situated to the right of stopcock (C) in Fig.9.1. 
The liquid nitrogen moisture trap shown in the vacuum line not 
only increased the rate of pump-down but also improved the 
quality of the final vacuum.
Basically the measuring system consisted of a precision 
manometer so arranged that changes in the volume of the specimen 
chamber (which,for practical purposes, can be considered to 
include the short length of capillary tube previously mentioned) 
could be accurately determined. The manometer consisted of two 
precision bore capillary tubes, mounted vertically, with their 
lower ends connected to a common source of mercury which comprised 
the manometer fluid. The upper end of one tube (M) was left open 
to the atmosphere, whilst the other was connected, as shown, to 
the left hand side of stopcock (b). The stopcocks (S) were, for 
normal operation always closed, but by opening stopcock (l) the 
mercury level in the manometer tubes could be adjusted to any 
desired value by means of the reservoir (R).
The enclosed measuring and vacuum lines, including the 
specimen chamber, were filled with nitrogen which was initially 
dried by passing it through 4 columns of aluminium oxide which 
are partially visible at the rear of the apparatus. The creation
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of a relatively constant atmosphere was necessary because the 
impurities in air adversely affect the accuracy, and hence 
repeatability, of the Pirani type vacuum heads.
9.4. Method of operation and measurement.
The method of operation consisted of evacuating the 
specimen chamber by closing stopcock (S) and opening (c) to the 
vacuum system. The magnitude of the final vacuum was not 
important but, for ease of repeatability, a reading located on 
the most sensitive scale was considered desirable. During the 
pump-down period the mercury levels in the manometer tubes could 
be equalized. This was carried out by opening stopcocks (E) and 
(F) which exposed the mercury level in tube (n ) as in tube (M), 
to atmospheric pressure. The two mercury levels could then be 
raised to a convenient (and equal) starting position on the 
graduated scale, e.g. scale reading 16. When the vacuum in the 
specimen chamber reached the desired value, stopcocks (E) and (C) 
were closed whilst (B) was opened. This effectively isolated the 
chamber from the vacuum system and exposed it to the gas at 
atmospheric pressure in tube (N). This in turn resulted in a 
rise in the mercury level in tube (N) with a corresponding 
decrease in that of tube (M). The height differential between 
the two menisci was a measure of the new pressure common to the 
contents of both tube (N) and the specimen chamber. By the 
injection of mercury into the measuring system from reservoir (R ) 
the levels of both mercury columns could be made to rise. This 
resulted in a reduction in the total volume of the gas in tube 
(N) with a corresponding pressure increase which was registered
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by a reduction in the height differential between the menisci.
The reduction of the differential to zero meant that the pressure 
of the gas in tube (N) and the specimen chamber was then equal 
to atmospheric pressure. The final level of the mercury menisci 
was noted. If the procedure was repeated, but with an object in 
the specimen chamber, a different final mercury level occurred; 
the difference between this value and that obtained with the 
chamber empty equalled, when multiplied by the cross-sectional 
area of the capillary bore, the volume of the object in the 
chamber. If the object was porous then the volume so measured 
equalled the volume of solid matter, and with a knowledge of its 
gross volume, the % porosity followed.
The sensitivity of the measuring system was clearly a 
function of the bore of the manometer tubes and could therefore 
be changed if desired; a reduction in their diameter effectively 
increasing the sensitivity by registering a greater difference in 
final menisci levels to record the same volume. In order to 
reduce the lengths of the manometer tubes to a reasonable value 
a localized enlargement was made in tube (n ), visible at the 
26-28 scale markings in Fig. 9.1. Within this enlargement the 
bulk of the volume of the tubing leading from the manometer to 
the specimen chamber was recorded. This restricted the true 
sensitivity of the manometer to changes in volume in the chamber 
itself.
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9.5. Calibration and repeatability tests.
The calibration of the apparatus was carried out by using 
spherical steel balls of accurately known volumes. With the specimen 
chamber initially emoty its pressure was reduced to 3 .1 0 "^ Torr. 
whilst the mercury menisci were levelled at scale reading 22.
By following the procedure described in the previous section the 
pressure in the specimen chamber was brought back to that of 
atmospheric and the final (and equal) menisci levels recorded.
Three consecutive readings were recorded in this way with an 
empty specimen chamber. After the first steel ball had been 
inserted the system was thoroughly purged with nitrogen to remove 
any air that may have entered and, with the initial scale reading 
again set at 22 and the chamber evacuated to the same pressure, 
a new final scale reading was recorded. Three such readings were 
taken, after which the single ball was removed from the chamber 
and, after purging with nitrogen, three further readings were 
recorded with the specimen chamber empty. The mean of the scale 
readings before and after insertion of the ball was taken as the 
'chamber empty' recording, whilst the 'chamber occupied' reading 
was given by the mean of the three scale readings recorded with 
the ball in situ. The measured volume of the steel ball was 
calculated from the differences between the means multiplied by 
the cross-sectional area of the nominal 1mm. bore of the manometer 
tube. The whole procedure was then repeated for two and three 
balls in the specimen chamber. In all cases the measured volume 
was slightly lower than the actual volume by amounts varying from
0.5% for one ball to 1.4% with three balls; the average error
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being approximately 1%. These results enabled the calibration 
chart, shown in Fig.9.3. to be plotted, From which observed 
height differentials between the initial and final menisci levels 
could be readily converted tn actual volumes within the specimen 
chamber.
The repeatability of readings was found to be very good. 
Over a series of six readings, with frequent opening and closing 
of the specimen chamber, followed by nitrogen purging, a 
repeatability to within 0.6% of the change in height of the 
mercury column was obtained.
9.6^ Porosity measurement of bone.
Following the removal of the 'fracture* and 'average' 
sections from the gauge lengths of the test specimens, see 
Chapter 4, several cylindrical slugs of partially dried bone 
remained. Measurement of porosity was carried out on those slugs 
originally located between two 'average' sections since their 
ends, being normal to the polar axis, enabled their gross volume 
to be readily determined with the aid of a bench micrometer.
The present stage of development of the apparatus, see 
section 9.7., did not permit drying to be carried out in the 
specimen chamber and the slugs of bone were dried over phosphorous 
pentoxide in a vacuum drying oven at a pressure of 3.10*2 Torr. and 
at a temperature of 105°C. Tests showed that even under these 
relatively drastic conditions the time required to dry a 2.5mm. 
diameter specimen of cortical bone to constant weight was 
approximately 60 hours. Following this period the slugs from one 
specimen were quickly transferred from the drying oven to the
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closed environment of the specimen chamber where they were 
thoroughly purged with nitrogen to remove as much air as possible 
from the pores. Their solid volume was then measured in exactly 
the same manner as were the calibration spheres described in the 
previous section. Using an enlarged version of the calibration 
curve shown in Fig. 9.3., the actual volume of solid material 
was determined and, knowing the gross.volume of the slugs, the % 
porosity followed. The results are shown in Table 9.1.
9.7. Additional comments.
1. Although the effects of the total porosity of human test 
specimens on their mechanical properties have already been 
discussed in Chapters 7 and 8, one further comment is considered 
necessary here. From Table 9.1. it can be seen that the mean 
porosity is approximately 21% which is very similar to that 
reported by other investigators, see section 9.1. Although values 
as high as 30% are apparent in Table 9.1. there is not much 
evidence to indicate the relatively higher porosity suggested by 
Vose (1953). In this respect the absolute values of the total 
porosity shown in Table 9.1. must, at the present stage, be 
regarded as tentative but indicative.
2. Simple vacuum drying is already permissible in the present
apparatus and future developments include the installation of a 
heating coil around the specimen chamber together with the 
replacement of the sealing plug with a hollow substitute which will 
enable the introduction of various desiccating agents. This will 
permit specimens of bone to be subjected to different drying
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Specimen
Number
%
Porosity
Snecimen
Number
%
Porosity
ni - 1 30.7 Oil - 1 23.4
02 - 1 18.7 012 - 2 29.9
03 - 4 16.5 013 - 3 21.3
04 - 3 19.9 015 - 2 28.3
05 - 2 13.9 017 - 3 11.3
06 - 2 13.9 019 - 1 16.0
07 - 4 26.1 020 - 3 22.6
09 - 4 27.4 021 - 2 22.0
010 - 2 14.7 022 - 1 19.4
Mean 20.9 Std.dev. 5.7
Table 9.1. Porosity oF human bone soecimens
environments within the specimen chamber whilst enabling 
simultaneous monitoring of changes in their volume. In this 
manner the effects of methods of drying on the measured porosity 
will be investigated.
3. If, as suggested by Piekarski (l968), the fine porosity
reported by Vose (1963) is partially discontinuous, then 
increased values of measured porosity should be apparent in the 
same specimen by increasing the surface area exposed to the 
drying and measuring environments, i.e. by crushing the specimen 
into smaller and smaller pieces. It is hoped that future work 
will also include an examination of this aspect.
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CHAPTER 10 
FUTURE DEVELOPMENTS
10.1. Introduction.
The main object of the present investigation was to examine 
the relationships between the tensile properties of cortical bone 
and the microstructural variations at the level of the osteon.
During the course of this work it became clear that several factors, 
many of which have already been mentioned in the preceding 
chapters, are in need of further examination. In addition there 
are related subjects, not previously mentioned, whose study would 
considerably broaden the scope of the present work and thus 
generally contribute to a wider understanding of the inherent 
factors responsible for thé mechanical properties of bone. The 
function of this final chapter is to collect and briefly consider 
these topics.
10.2. Future developments.
1. Regional stress relaxation.
A significant factor in influencing both the mechanical 
properties and the mechanical/structural relationships at different 
rates of strain was stress relaxation. Relative rates of 
relaxation in regions of different mineral densities were deduced 
from the known effects of partial décalcification, but purely 
qualitative considerations of progressive stress relaxation were 
unable to satisfactorily explain certain of the observed
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relationships, e.g. the loss of the crack initiating capacity of 
the complete osteon/primary bone interface at the lowest rate of 
strain. This indicated the necessity of a quantitative study 
into the effects of variations in mineral and/or collagen density 
levels on the regional rates and characteristics of stress 
relaxation. Less specifically, an investigation into the effects 
of these variations on the regional mechanical behaviour in 
general would be more desirable and of considerable significance.
2. Distribution of structural components.
There is some evidence to suggest that the distribution of 
the constituent components in bone, e.g. complete osteons, 
primary bone etc., may to some extent influence the mechanical 
properties of the bulk tissue. For example, the absence of 
significant correlations between the % elongation and the micro­
structure of the bovine test specimens, together with their 
relatively low % elongations (compared to those of the human test 
specimens) were thought to be a function of the interconnection 
of the areas of primary bone in the structure, see Chapter 8.
A technique for the examination of the mineral distribution 
is already under development and is described in Appendix II. In 
addition, the method enables absolute levels of mineral to be 
determined, and as such satisfies a major experimental requirement 
of the study suggested in (l).
3. The area of cavities.
Following an indication in the bovine analysis of the 
possible importance of the cavities in influencing the mechanical 
properties, the Haversian canals, formation and resorption cavities
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were included in an independent structural group in the subsequent 
analysis of the human test specimens. Their significantly negative 
correlation with the tensile strength, particularly at the higher 
rates of strain, together with the non-significance of the gross 
porosity, was thought to indicate their capacity to act as crack 
initiators. Although no experimental evidence was available, 
this ability was considered to be mainly attributable to the 
ragged-walled resorption cavities. Since the significance of the 
cavities as sites of weakness is abviously high, it might be 
instructive to sub-divide the cavities into their individual 
groups in future investigations.
4. Cross porosity.
Related to the area of cavities is the gross porosity. 
Proposed developments concerning the measurement of this parameter 
have been adequately discussed in Chapter 9 to which the reader 
is referred for details.
5. Non-uniform elastic deformation.
At the middle rate of strain the elastic modulus, a 
parameter associated with the complete gauge length, correlated 
more significantly with the microstructure at the site of fracture. 
This was thought to be indicative of a non-uniform elastic 
deformation localized in the vicinity of the final fracture. Such 
a possibility certainly requires additional examination and in 
this respect two approaches are suggested. The first, and probably 
the most ideal, involves the use of several extensometers 
simultaneously mounted on the seme test specimen each over a 
different gauge length. If this proves impracticable then
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repeated loading of one test specimen with a single extensometer 
mounted over a different gauge length for each cycle may suffice.
An inherent disadvantage of the second technique is the possible 
effect of repeated loading on the mechanical properties themselves, 
see Sedlin and hirsch (IO6 G).
6. Osteon orientation.
A factor that was not examined but one which might relate
to the mechanical properties and the tensile strength in particular
is the local orientation of the individual osteons at the site of 
fracture. An investigation into this aspect would require a three 
dimensional reconstruction of the osteon directions as they pass 
through the fracture surface. Such a reconstruction might be 
achieved by taking transverse serial sections through the rejoined 
fracture surfaces.
7. The quadrant of origin.
Several investigators have detected differences in the 
mechanical properties of best specimens with respect to their 
quadrant of origin in the whole bone, see for example Evans and 
Lebow (1951), Sedlin and Hirsch (1966) and Amtmann (l968). There 
is a distinct possibility that these differences might be 
attributable to regional variations in the microstructure and 
although the results of the current investigation are relevant 
to such an enquiry the small number of specimens associated with 
the respective quadrants precludes any observations being made 
at this stage. However, the present results do provide a basis, 
and, with an increase in the number of samples it is hoped to 
examine the possible correlation between the microstructural 
variation and the regional differences reported in the mechanical
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properties of bone.
8. Modes of testing and specimen orientation.
As stated in Chapter 1 the current investigation was 
restricted to the tensile properties of specimens of cortical 
bone orientated with their longitudinal axes parallel to the long 
axis of the bone, i.e. approximately parallel to the predominant 
direction of the osteons. Two natural developments are 
immediately apparent. The first involves a similar analysis but 
with respect to the radial and tangential orientations and the 
second extends the mode of testing to include the compressive, 
shear and impact modes. Testing at impact conditions is 
considered to be of particular importance because of its close 
approximation to the clinical condition. These developments are 
necessarily of a long term nature but it is believed that their 
systematic examination will extensively contribute to a more 
fundamental understanding of cortical bone as a structural 
material.
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APPENDIX I
STATISTICAL ANALYSIS - IHE COMPUTER PROGRAMME
The programme uses a standard I.C.L. sub-routine to Fit 
least-squares polynomials to a set of *m' data pairs constructed 
from combinations of mechanical properties and histological 
components. The correlation coefficients, on which the behavioural 
characteristics of bone under stress were based, were also 
calculated by a sub-routine of the programme.
MASTER LSOF
DIMENSION X(55),Y(55),A(54),R(55),U(55),P(275),YE(55)
116 READ(1,115)M 
115 F0RMAT(15)
IF(M.EQ.-1)C0T0117
READ(1,100)(X(I),I=1,M)
READ(1,100)(Y(I),I=1,M)
100 FORMAT(IOFO.O)
WRITE(2,110)
110 F0RMAT(////1X,7H X DATA/)
WRITE(2,109)(X(I),I=1,M)
109 F0RMAT(1X,10E12.5)
WRITE(2,111)
111 F0RMAT(//jX,7H Y DATA/)
WRITE(2,109)(Y(I),I=1,M)
LAST=M-2
D0104N=1,LAST
NMAX=N+1
MM=3*NMAX+2*M+3
P(3)=1 
P(4)=1 
P(5)=0 
P(1)= -1
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CALLF4CrORPL(M,NMAX,MM,X,Y,R,W,A,P. )
001021=1,N
P(1)=0
102 CALLF4CF0RPL(M,NMAX,MM,X,Y,R,U,A,P ) 
WRITE(2,101)(A(I),I=1,NMAX)
101 F0RMAT(////1X,12H COEFFS ARE 4E18.1l) 
WRITE(2,f03)(R(l),I=1,M)
103 F0RMAT(//1X,15H RESIDUALS ARE 5E18.1l)
CALL CORRELATION COEFF(Y,M,R,YE,C) 
WRITE(2,500)C
500 F0RMAT(1X,17H CORRELATION COEFF E18.1l)
CALL BESTTEST(R,M,N,RES)
RE5ULT=RES 
WRITE(2,108)RESULT 
108 F0RMAT(//1X,22HBEST FIT PARAMETER IS E18.1l)
104 CONTINUE 
ENDFILE2 
G0T0116
117 WRITE(2,118)
118 F0RMAT(1X,25HALL DATA USED....WHEW....)
STOP
END
SUBROUTINE BESTTEST(R,M,N,RES)
DIMENSION R(M)
SUMcO.O 
0021=1,M 
R(I)=R(I)**2 
2 SUM=SUM+R(I)
DEN0M=(M-N-1)*1.0
RES=SUM/DENOM
RETURN
END
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SUBROUTINE CORRELATION COEEF (Y,N,R,YE,C) 
DIMENSION Y(N),R(N),YE(N)
S=0.0
D01I=1,N
1 S=S+Y(I)
YBAR=S/N
D021=1,N
2 YE(I)=Y(I)-R(I)
S1=0.0 
0031=1,N
3 S1=S1+(YE(I)-YBAR)**2 
S2=0.0
0041=1,N
4 S2=S2+(Y(I)-YBAR)**2 
C=SQRT(S1/S2)
RETURN
END
FINISH
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APPENDIX II 
DETERMINATION DF THE MINERAL DISTRIBUTION.
II.1 Introduction.
The technique currently under development represents the 
initial stages in the proposed investigation into the effects of 
local mineral and/or collagen density distribution on the 
mechanical properties of the bulk tissue. It involves the use of 
microradiography to measure the absolute micromineral density and 
hence the overall mineral distribution across the gauge lengths 
of test specimens by using similar sections to those employed in 
the histological analysis in Chapter 4.
II.2. The measurement of mineral density by microradioqraphy.
For a given wavelength the absorption of X-rays by elements 
is dependent upon their atomic number; elements of high atomic 
number absorbing preferentially to those of low atomic number.
the exception of the trace elements such as lead, calcium has 
the highest atomic number in bone and therefore absorbs X-rays 
preferentially to the other constituent elements. (The trace 
elements occur in such minute quantities in healthy bone that their 
presence can be ignored). In addition, areas of high calcium 
density will absorb more strongly than those of low calcium 
density. The intensity of the transmitted X-rays received on a 
photographic plate are correspondingly lower and are recorded, on 
the developed plate,by a reduction in optical density, i.e. a
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relatively light area. Conversely, regions of low calcium 
density are recorded as areas of relatively high optical density. 
This variation is clearly apparent in the microradiographs shown 
in Fig.4.9. of Chapter 4. Since the calcium in bone occurs in 
the form of a mineral complex, the detection of calcium and mineral 
by X-ray absorption is synonymous. By comparing the optical 
density produced by the bone specimen with that of a simultaneously 
irradiated reference, percentage levels of mineral density in the 
bone can be determined.
The usual form of the reference is either a step or 
uniform wedge, and both have been used in the past; see for example, 
Engstrbm (1951), Amprino (1952), Rowland (l959), Vose (1962),
Meema (1964) and Colbert (1967). For microradiographic 
applications step wedges appear to be the most commonly used and 
these have been manufactured from a variety of materials.
Amprino (1952) used celluloid whilst l/ose (1962) constructed one 
from aluminized Mylar. Rowland (1959) made a micro step-wedge 
from aluminium, although this material finds its greatest 
application in the sphere of macroradiography.
The calibration of these materials involves an estimation 
of the thickness of the reference material whose radiation 
absorption equals that of a given thickness of bone mineral. This 
in turn entails the calculation of the mass absorption coefficients 
of both reference material and bone mineral, the accuracies of 
which depend upon a precise knowledge of their chemical 
compositions. Small, but largely unknown,errors might arise from 
the impurity content of the reference material unless it is
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available in a chemically pure form. Since there is still some 
conjecture concerning the exact nature of the mineral component 
of bone, the value of its mass absorption coefficient, calculated 
from its assumed form of hydroxyapatite, Ca^Q (PO^)^ (0H)2* might 
also be slightly inaccurate.
In the absence of a source of monochromatic radiation, a 
third and probably more serious source of error arises from the 
dependence of the mass absorption coefficient on the wavelength 
of the radiation, Engstrbm (1962). for this reason reference 
wedges tend to be calibrated with respect to a particular wave­
length, Vose (1962), Colbert (1967). Meema (1964) attempted to 
overcome this problem by constructing a cellular wedge with 
adjacent compartments filled with chemically pure dipotassium 
hydrogen phosphate which he showed to have the same absorption 
characteristics as bone mineral. This allowed the wedge to be 
used with a polychromatic source of radiation. Since such a 
source was the only one available in the present investigation, 
it was considered necessary to adopt a material which, like 
Meema's, had absorption characteristics as close as possible to 
those of bone mineral. Meema's solution, which was used on the 
macro scale with whole bones, was not considered feasible for a 
microradiographic application because of manufacturing difficulties 
Consideration was given to constructing a reference wedge 
of bone mineral itself since this would obviate all the previously 
mentioned problems. The first proposal was to extract the 
organic constituent from the bone, pulverize the remaining 
mineral phase, mix the powder with a bonding agent and compact
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the mixture into a wedge of bone mineral. This was rejected 
because of the unknown and indeterminate percentage of wedge 
thickness occupied by adhesive. Since the mineral phase of 
dental enamel appears to be identical to that of bone mineral, 
Nightingale (1970), its occurrence in an already compacted 
condition makes it an ideal material from which to fabricate the 
reference wedge. The only unknown parameter is the precise 
volumetric mineral content of enamel, but since this is known to 
lie within fairly close limits, see section II, 4., an estimate 
of the possible and consistent error could be made.
The final adoption of this material as a reference meant 
that errors arising from the different absorption characteristics 
of bone and wedge were obviated. In addition, calculations 
regarding mass absorption coefficients became superfluous and the 
use of a polychromatic source of radiation was permissible,
II.3. Fabrication of the reference wedge.
The approximate thickness of the wedge was estimated by 
assuming bone to contain about 70% mineral by weight, Eastoe (1953) 
Rowland (1959) gives the density of hydroxyapatite as 3.15gr./cm.3 
and, taking the average density of dry cortical bone to be
1.8gr./cm.3; Atkinson (1962), the mineral content by volume is 
approximately 40%. Assuming enamel to contain 100% mineral, then 
a bone specimen 80-1OOU thick would absorb the same quantity of 
radiation as about 35-40^ of enamel. Ascenzi (1965), supported 
by Rowland (1959), showed the mineral level of newly formed bone 
to be in the order of 75% that of fully mature bone. On this 
basis a change in thickness of approximately 10-15^ over the wedge
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length was considered adequate. Accordingly,the taper of the 
wedge was defined as about lOu over a length of l-2mm. with 
terminal thicknesses of 10^ and 60U . Oy specifying the wedge 
length as about 1-2mm., both it and a bone section from either 
the human or bovine test specimens could be comfortably 
accommodated in the camera aperture.
A molar from the lower jaw of the bullock was chosen as 
the source of enamel since its thickness on this type of tooth is 
in the order of 0.5mm. A section of enamel approximately 10mm. 
long and 3mm wide, with a supporting backing of dentine was 
removed from the tooth with a hacksaw and embedded in a block of 
Araldite. The original surface of the enamel was then exposed by 
carefully abrading the Araldite on silicon carbide paper. The 
grinding was continued on a glass plate faced with 400 grit/paper 
until the exposed enamel had a flat, polished surface. A piece 
of Mylar sheet, identical to that used for the camera window and 
slightly larger than the polished surface, was bonded to the 
latter with a thin film of Araldite. In order to produce the 
required wedge profile, a small jig was constructed in which the 
final grinding could be carried out. A flat-bottomed slot of 
sufficient width to accommodate the Mylar sheet, was machined 
into the surface of a steel block. The bottom of the slot, which 
began in the surface of the block, was inclined, such that over 
a 1-2mm. length its depth increased by approximately 10 U. By 
bonding the Mylar into the slot with adhesive around its edges 
and carefully grinding away the embedding Araldite and dentine 
the underlying surface of enamel was exposed. The grinding was
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continued, again using 400 grit/paper on a glass plate,until the 
exposed surface was ccplanar with the face of the block. After 
cutting around the edges of the retaining sheet there remained a 
uniform enamel wedge, one face of which remained bonded to the 
Mylar sheet. Wnilst the latter primarily afforded support to the 
enamel during grinding, its eventual presence beneath the wedge 
during irradiation was necessitated in order to maintain a 
consistency of absorbing elements. The effect of the film of 
Araldite between the enamel and Mylar is dealt with in section
11.4.
Within the length of the wedge was situated, over a 1-2mm. 
length; the range of thicknesses required to cover the variation 
in mineral densities in bone. The locating of this length 
together with its calibration are considered in the following
section.
11.4. Calibration of the reference wedge.
Several randomly selected sections of both bovine and 
human bone were each irradiated with the reference wedge as 
described in section II.6. Using a Joyce Loebl Mark IIIB micro- 
densitometer, traces were taken across random regions of the bone 
radiographs in order to indicate the range of optical densities 
that might be expected. By taking similar traces along lengths 
of the reference wedge a region was eventually located where the 
optical density variation adequately covered the range observed 
in tdm sections of bone. The remainder of the enamel was masked 
with a thin sheet of lead which finally resulted in a wedge of 
effective dimensions 1mm. long by approximately 0.5mm. wide.
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The trace of the final wedge together with a typical trace across 
a section of bone are shown in Fig.II.1.
The calibration of the wedge involved relating its physical 
thickness to its optical density recorded on the microradiograph.
In order to precisely relate points on the acLual wedge 
to points on its microradiograph a series of thin wires were 
arranged adjacent to one another, on the under surface of the 
enamel, perpendicular to the centre line of the wedge and with 
their ends projecting slightly into the aperture formed by the 
lead mask. At the tube voltage used, the wires themselves 
were radio opaque but the narrow gaps between them permitted 
the transmission of X-rays. On the subsequent microradiograph, 
this resulted in a series of narrow bands situated along one 
edge of the wedge. Since the microdensitometer permitted 
simultaneous viewing of the surrounding region of the micro­
radiograph being measured, see section II.7., the position of 
the graduation bands on the wedge could be accurately 
transferred to its trace.
By measuring the physical thickness of the wedge 
adjacent to the gaps between the wires corresponding to the bands 
on the microradiograph, wedge thickness and optical density could 
be related. These measurements were carried out by focusing the 
objective of a microscope firstly onto the upper surface of the 
enamel and then, through its semi-transparent structure, onto 
the lower surface. The difference between the readings of the 
initially calibrated vernier gave the thickness of the enamel.
281 -
en
*D
<r
00
CN
£
E
<b
Co
U)
C/)
O
L_
U
a
u  
eu
(/)
L_
<u
>a
(U
u
c
d
4— '
m
b
O)
Ll.
o
A^ isuep iDDi^ do BuisoeJDUi
- 282 -
In this manner the physical thickness was related to the 
optical density at six discreet positions, approximately 
equispaced, along the length of the wedge. These locations are 
shown on the wedge trace in Fig.II.2.
The final stage in the calibration entailed the conversion 
of the wedge thickness into an equivalent thickness of mineral. 
According to Nikiforuk (195G) the density of enamel is located in 
the range 2.9 - 3.0gr./cm. , and, from two independent investiga­
tions, Brudevold (i960) and Carlstrom (1963), its mineral content 
has been given os 96^ by weight. In addition, the density of 
hydroxyapatite, based on the size and weight of the unit cell, 
was calculated by Rowland (l959) to be 3.15gr,/cm." From this 
data the volumetric mineral content of enamel can be estimated 
to range from 88.5% - 91.5% with a mean of 90%. Accordingly, 
the measured thicknesses of the-Wedge were reduced by a factor 
of 10% to give an effective thickness of mineral. From these values 
the calibration curve shown in Fig.II.2 was plotted.
It will be recalled that the wedge was bonded to the Mylar 
sheet by a film of Araldite. Since this constituted an additional 
absorbing element, not present beneath the bone sections, an 
attempt was made to evaluate its significance.
Employing the same technique as that used to measure the 
thickness of the wedge, but by focusing on the lower surface of 
the enamel and the upper surface of the Mylar, the maximum 
thickness of the Araldite film was found to be approximately 1 5 U .  
Two test strips were made each consisting of a double layer of 
domestic aluminium foil, (it was determined experimentally that
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two layers absorbed about the same quantity of radiation as the 
mid-point of tne wedge). One pair was bonded together with 
Araldite and the control pair was placed together with no adhesive 
between them. The difference in thickness between the two strips 
was approximately 25j , i.e. the thickness of the Araldite.
When simultaneously radiographed, at the same machine settings 
and exposure time used for bone, no differences between their 
respective optical densities could be detected on the resulting 
microradiograph. From this it was concluded that the absorption 
of the 15^ of Araldite between the wedge and Mylar was negligible 
and could, for practical purposes, be ignored.
II.5. Modification of the X-ray camera.
The gross optical density gradients observed across 
microradiographs during the histological analysis, see Fig.4.9. 
of Chapter 4, were thought to be indicative of regional variations 
in section thickness and/or a non-uniform beam intensity. The 
presence of the latter was determined by removing the Mylar 
window from the specimen support and exposing the photographic 
plate to the unimpeded beam. The result, shown in Fig.11.3(a)., 
demonstrates the presence of a marked variation in beam intensity 
over the irradiated area. For purposes of reproducing the 
histological microstructure this variation was unimportant, but 
in the present application a non-uniformity in optical density 
produced by soprces other than absorption by the bone and wedge 
could not be tolerated.
The variation in beam intensity was an inherent 
characteristic of the electron tube and could, therefore, not be
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corrected. The only alternative was to eliminate its effect on 
the photographic plate. This was achieved by modifying the 
construction of the camera such that the section of the body 
carrying the specimen support could be rotated with respect to 
the rest of the camera and the X-ray beam. The modified design 
appears in Figs.4.4. to 4.6. of Chapter 4. From a geared 
electric motor situated below the electron tube, Fig.II,4., the 
camera body could be revolved at a constant speed of approximately 
15 r.p.m. throughout the exposure time. In this mode of operation 
the optical density gradients resulting from a variation in 
intensity across the X-ray beam were effectively eliminated, see 
Fig.II.3(b).
II.6. Experimental procedure.
The microradiographs of the simultaneously exposed wedge 
and bone sections were produced on Kodak Maximum Resolution plates 
at the same machine settings and exposure time as those described 
in section 4.8.2.of Chapter 4. During irradiation of course, 
the camera body and its contents were rotated. Subsequent 
processing of the exposed emulsion was again identical to that 
described in Chapter 4.
Small variations in machine settings and development times, 
whilst not affecting the relative optical densities, must affect 
their absolute values. The procedure for accounting for this and 
simultaneously quantifying the mineral content of the bone was 
as follows: On each trace of the optical density across the
bone was recorded the trace of the wedge, e.g. Fig.II.1.
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Fig.II.3(a). The non-uniform intensity over the 
X-ray beam manifested itself as gross optical 
density gradients on the subsequent microradio­
graph. X 10
Fig.II.3(b). By revolving that section of the camera 
containing the specimen sûpport the density gradients 
were effectively eliminated, x 10
- 287 -
Fig.II.4. The X-ray camera shown in position on 
the electron tube. The end remote from the tube 
was revolved at constant speed throughout 
irradiation by the geared electric motor partially 
visible to the right of the mounting plate.
The shutter for permitting or excluding the entry 
of X-rays into the camera is clearly visible 
projecting from the front face of the tube.
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This related the relative optical densities produced by the 
bone to those of the wedge. The contents of Fig.II.2., i.e. 
the calibration curve and the wedge trace, were photographically 
reproduced onto a transparent base which could"be precisely 
superimposed over the bone trace by using the characteristic 
profile of the wedge as a datum. In this manner equivalent 
thicknesses of mineral in the bone could readily be determined 
whilst compensating for the effects of inevitable variations in 
experimental processing.
II.7. The present stage of the work.
The foregoing represents the present stage of development.
So far, no quantitative results have been generated because several 
problems remain to be solved. The first concerns the non-uniformity 
of the section thickness, indicated by the continued, but reduced, 
presence of gross optical density gradients across the bone even 
when the camera body is rotated. It is hoped to largely eliminate 
this by rigidly supporting the blade of the Macrotome during the 
cutting operation. If its complete elimination proves impossible 
then regional variations in thickness will have to be mapped.
In either event the section thickness has to be measured in 
order to convert the equivalent thickness of mineral to a 
volumetric content. The method of measurement, similar to that 
employed for the wedge, has not proved satisfactory mainly due to 
the relative opacity of bone compared to that of enamel. This 
and related techniques are being exploited further.
A third problem involves the difficulty of locating on the 
microradiograph the exact region being measured by the
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densitometer. Although, as mentioned in section II.4., the 
instrument was designed to enable simultaneous viewing and 
measuring, the image was, unless composed of highly contrasting 
areas, very indistinct. This resulted in partial osteons in 
particular, being virtually indistinguishable from one another.
Possible solutions to all these problems are under 
consideration and it is hoped that once solved quantitative 
results will follow.
290
REFERENCES
AF^RINO. R.
AMPRINO. R. 
Engstrbm. A,
AMTMANN. E.
ASCENZI. A. 
Fabry. C.
ASCENZI. A. 
Bonucci. E.
ASCENZI. A.
Bonucci. E. 
Bocciarelli, D.S,
ASCENZI. A.
Bonucci. E .
ASCENZI. A.
Bonucci. E. 
Bocciarelli. D.S,
ATKINSON. P.]. 
Weatherell. D.A. 
Weidmann. S.M.
BECHTOL. C.u.
BELL. G.H.
Cuthbertson. D.P 
Orr. J.
BEST. C. H.
Taylor. N.B.
BONFIELD. W.
Li. C ,H .
Rapporti fra processi di ricostruzione 
e distribuzione dei minerali nelle osa.
Z. Zellforschung., 37 : S.144-183, 1952.
Studies on X-ray absorption and 
diffraction of bone tissue.
Acta. Anat., 15 : 1-22, 1952.
The distribution of breaking strength 
in the human femur shaft.
J. Biomech., 1 : 271-277, 1968.
Technique for dissection and measurement 
of refractive index of osteons.
3. Biophys. Biochem.Cytol., 6 : 139-142,1959.
The ultimate tensile strength of single 
osteons.
Acta. Anat., 58 : 160-183, 1964.
An electron microscope study of osteon 
calcification.
]. Ultrastruc. Res., 12 : 287-303, 1965.
The tensile properties of single osteons.
Anat. Rec., 158 : 375-386, 1967.
An electron microscope study of primary 
periosteal bone.
3. Ultrastruc. Res., 13 : 605-618, 1967.
Changes in density of the human femoral 
cortex with age.
3. Bone & 3oint Surg., 44B No.3: 496-503,1962,
'Bone as a structure' in Metals and 
Engineering in bone and joint structure. 
Bailliere, Tindall and Cox, London, 1959.
Strength and size of bone in relation 
to calcium intake.
3. Physiol., 100 : 299-317, 1941.
The physiological basis of medical practice. 
5th edition, Williams and Wilkins,
Baltimore, 1950.
Deformation and fracture of bone.
3. App. Physics., 37 : 869-875, 1966.
291 -
BRUDEVOLD. F. 
Steadman. L.T 
Smith. F.A.
CARLSTRÜH. D. 
Glas. ].E. 
Anqmar. B.
COHEN. ].
Williams. H.
COLBERT. C. 
Spruit. ].]. 
Davila. L.R,
COLLINS. R.E.
CURREY. 3.D.
CURREY. 3.0.
CURREY. 3.0.
CURREY. 3.0.
OALLEMAGNE. M.3.
DAY. T.O. 
Eaves. G.
DEMPSTER. W.T. 
Liddicoat. R.T,
DEMPSTER. W.T. 
Coleman. R.F.
EANES. E.O.
Gillessen. I.H, 
Posner. A.S. 
Harper, R.A.
Inorganic and organic components of 
tooth enamel.
Ann. N.Y. Acad. Sc: 85 : 110, I960.
Studies on the ultrastructure of dental 
enamel, v. The state of water in human 
enamel.
3. Ultrastruc. Res., 8 : 24, 1963.
The three dimensional anatomy of Haversian 
systems.
3. Bone & 3oint Surg., 40A No.2 : 419-434,1958.
Biophysical properties of bone ; determining 
mineral concentration from the X-ray image. 
Trans. N.Y. Acad. Sci., 30 : 271-290, 1967.
Flow of fluids through porous materials. 
Reinhold Pub. Corp., Now York, 1961.
Differences in the tensile strength of bone 
of different histological types.
3. Anat., 93 : 87-95, 1959.
Strength of bone.
Nature., 195 : 513-514, 1962.
Stress concentrations in bone.
3. Micro. Sci., 103 : 111-133, 1962.
Three analogies to explain the mechanical 
properties of bone.
Bio-rheology., 2 : 1-10, 1964.
Trans. 4th 3osiah Macy 3r. Conf. 
on Metabolic Interrelations, 
page 154., 1952.
Electron microscope observations of the 
ground substance of interstitial
connective tissue.
Biochim. & Biophys. Acta. 10 : 203-209, 1953.
Compact bone as a non-isotropic material.
Am. 3. Anat., 91 : 331-362, 1952.
Tensile strength of bone along and 
across the grain.
3. App. Physiol., 16 : 355-360, 1960.
An amorphous component in bone mineral.
Mineral Excerpta Medica International 
Congress Series, No.120, 1966.
- 292 -
EASTüL. 3.E 
Eastoe. B,
EASTOE. ].E
ENGSTROM. A. 
Wegstedt. L
ENGSTROM. A.
EVANS. F.G. 
Lebow. M.
EVANS. F.G. 
Lebow. W.
EVANS. F.G. 
Bang. S.
EVANS. F.G. 
Bang. S.
EVANS. F.G.
Vincentelli. R,
FREEBORN. 3.
GORDON. 3.E.
GRIFFITH. A.A.
The organic constituents of mammalian 
compact bone.
Biochem. 3., 57 : 453-459, 1953.
From 'Biochemistry and Physiology of Bone' 
Bourne. G, Academic Press, New York, 1956. 
Chapter IV, 102-103.
Equipment for microradiography with 
soft roentgen rays.
Acta. Radiol., 35 : 345-355, 1951.
X-ray microanalysis in biology and medicine. 
Elsevier Publishing Co., London, 1962.
Regional differences in some of the 
physical properties of the human femur.
3. App. Physiol., 3 : 563-572, 1951.
The strength of compact bona as revealed 
by engineering technics.
Am. 3. Surg., 83 : 326-331, 1952.
Physical and histological differences between 
human fibular and femoral compact bone. In : 
Studies on the anatomy and function of bone 
and joints. «
Springer-Verlag, Heidelberg, 142-155, 1966.
Differences and relationships between the 
physical properties and the microscopic 
structure of human femoral, tibial and 
fibular cortical bone.
Am. 3. Anat., 120 : 79-88, 1967.
Relation of collagen fibre orientation to 
some mechanical properties of human 
cortical bone.
3. Biomechs., 2 : 63-71, 1969.
An investigation into the mode of growth 
and physical properties of water formed 
scales on various heating surfaces.
Ph.D. Thesis, Uni. of Surrey, 1964.
The new science of strong materials.
Penguin, 1968.
The phenomena of rupture and flow in solids. 
Phil. Trans. Roy.Soc. (London),
A221 : 163-198, 1920.
CROSS. 3. Collagen.
Sci. Am., 204 : 121-130, 1961
- 293 -
HAM. A.W.
HERT. ]. 
Kucera. P. 
Wavra. M. 
Volenik. V.
Histology.
Pitman. 6th edition, London, 1965.
Comparison of the mechanical properties 
of both the primary and Haversian bone 
tissue.
Acta. Anat., 61 : 412-618, 1965.
HIRSCH. C.
Da Silva. 0
HUELKE. D.F. 
Buege. L.3. 
Harger. 3.H.
KAY. H.I. 
Young. R.A. 
Posner. A.S.
The effects of orientation on some 
mechanical properties of femoral 
cortical specimens.
Acta. Urthop. Scand., 38 : 45-56, 1967.
Bone fractures produced by high 
velocity impacts.
Am. J. Anat., 120 ; 123-131, 1967.
Crystal structure of hydroxyapatite. 
Nature., 204 : 1050-1052, 1964.
LINDAHL. 0.
Lindgren. A.G.H.
MELICK. R.A. 
Miller. D.R
McCLINTOCK. F.A. 
- ARGON. A.S.
McELHANEY. 3.H. 
Foyle. 0. 
Byars. E. 
Weaver. G.
Cortical bone in man : II. Variation in 
tensile strength with age and sex.
Acta. Orthop, Scand., 38 : 141-147, 1967.
Variations of tensile strength of human 
cortical bone with age.
Clin. Sci., 30 : 243-248, 1966.
Mechanical behaviour of materials 
Addison-Wssley Pub. Co. Inc.
Reading, Mass, U.S.A., 1966.
Effect of embalming on the mechanical 
properties of beef bone.
0. App. Physiol., 19 : 1234-6, 1964.
McELHANEY. 3.H.
McLEAN. F.C. 
Urist. M.R.
MACK. R.W.
MACKENZIE. O.K.
Strain rate sensitivity of certain 
biological materials.
Uni. of West Virginia, Morgantown, 1965,
Bone: An introduction to the physiology 
of skeletal tdssue.
Uni. of Chicago Press, Chicago, 1955.
Bone, a natural two-phase material. 
Technical memorandum, San Francisco,
Uni. of Cal., Biomechs. Lab., 1964.
The elastic constants of solids 
containing spherical holes.
Proc. Phys. Soc., 63B : 2-11, 1950.
- 294 -
MAJ. G.
Taojari, E
G.
MATHER. B.5.
MEEMA. H.E. 
Harris. C.K. 
-Porrett. R.E.
NIGHTINGALE. 0.
La resistenza meccanica de tessuto 
osseo lameilare compatto misurata in 
varie direzioni.
Boll. Soc. Ital. Biol. Spar., 12 : 83-85,1937
Osservazioni sulle differenze tooografische 
della resistenza meccanica del tessuto 
osseo di uno stresso sepmento scheletrico. 
Monif. Zool. Ital., 49(o) : 139-149, 1939.
Variation in age and sex in strength 
of the femur.
Med. Biol. Eng., 6 : 129-131, 1968.
A method for determination of bone-salt 
content of cortical bone.
Radiology., 82 No.6 : 986-997, 1964.
Personal communication. 1970.
NIKIFORUK. G. 
Sognnaes. R.F
PIEKARSKI. K.
PIEKARSKI. K.
RAUBER. A.A.
RICH. A.
Crich. F.H.C.
ROBINSON. R.A. 
Watson. M.L.
ROBINSON. R.A. 
Elliot. S.R.
Dental enamel.
Clin. Orthop., 47 : 229-248, 1966.
Studies on the mechanical properties 
of bone.
Ph.D. Thesis, Uni.of Cambridge, 1968. 
Fracture of bone.
]. App. Physics., 41 : 215-223, 1970.
Elasticitat und Festigkeit der knochen. 
Engelmann, Leipzig, Germany, 1876.
The structure of collagen.
Nature., 176 : 915-916, 1955.
Collagen-crystal relationships in bone 
as seen in the electron microscope.
Anat. Rec., 114 : 383-409, 1952.
The water content of bone.
O.Bone &.Joint Surg., 39A, No.1 : 167-188, 
1957.
ROGERS. H.J.
ROGERS. H.J.
Concentration and distribution of 
polysaccharides in human cortical bone 
and the dentine of teeth.
Nature., 164 : 625 - 626, 1949.
The polysaccharide associated with the 
organic matrix of bone.
Proc. Biochem. Soc., xii, : In Biochem. J., 
49 : 1951.
- 295 -
ROWLAND. R.E. 
Jowsey. J. 
Marshall. J.H,
Microscopic metabolism of calcium in 
bone : III. Microradiographic 
measurements of mineral density.
Rad. Res., 10 : 234-242, 1959.
SEDLIN. E.D.
SEDLIN. E.D. 
Hirsch. C.
SWEENEY. A. 
Kroon. R. 
Byers. R.
A rhéologie model for cortical bone:
A study of the physical properties of 
human femoral samples.
Acta. Orthop. Scand,, 36 supp.83 :
1-77, 1965.
Factors affecting the determination 
of the physical properties of femoral 
cortical bone.
Acta. Orthop. Scand., 37 : 29-48, 1966.
Mechanical properties of bone and its 
constituents.
ASME publications, 65-WA/HUF-7,
New York, 1965.
VAUGHAN. j.M,
VOSE. G.P.
The physiology of bone.
Clarendon Press, Oxford, 1970.
Quantitative microradiography of 
osteoporotic compact bone.
Clin. Orthop., 24 : 206-212, 1962,
VOSE. G.P.
WALMSLEY. R. 
Smith 3.U.
Fine structure of bone as seen on 
fracture and cleavage planes by 
electron microscopy.
Anat. Rec., 145 : 183-191, 1963.
Factors affecting the elasticity of 
bone.
]. Anat., 93 : 503-523, 1959.
WERTHEIM. M.G, Memoirs sur 1'élasticité et la cohesion 
des principaux tissus du corps human. 
Ann. Chim. Phys., 21 : 385-414, 1847.
- 296
Reproduced with permission of copyright owner. Further reproduction prohibited without permission.
